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ABSTRACT 

The present rep>rt presents the results of an Investigation into 
i^he steady^atato performance of audio-frequency magnetic amplifiers operated 
from supplies of relatively large internal impedance*    Following a review of 
the fundamental concepts of ferrcaagnetlsm, two basic amplifier circuits are 
analysed (as illustrative problems)  under the assumption of ideal or nearly 
id«al components.    The  characteristics of practically available components 
are often very different from the ideal characteristics,  and the  effects upon 
performance  of deviations from the ideal are qualitatively discussed. 

When magnetic amplifier application is extended from the amplifica- 
tion of very slowly varying signals into the audic~»frequ6ney band, it becomes 
necessary to use carriers in the low rs-dio-frequency range.    The radical 
changes in core materials and dimensions,  rectifiers,  supply sources and cir- 
cuitry necessitated by this frequency increased are discussed. 

It is shown that conventional magnetic amplifier circuits will not 
operate satisfactorily from high-isqjedance supplies.    Several new circiits 
adapted for use with constant-current (infinite-impedance)  supplies are in- 
troduced,   and,  in part,  analyzed,    jixperiiaenual results representing a quali- 
tative  check of the theory are given. 

Finally,   a complete audio frequency amplifier is considered.    Its 
operation is explained by theoretical reasoning and experimental data are 
presented in verification of the theory. 
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I.       Introduction 

His corical  Outline 

Within  the past half-dozen years there has been a reawakening of 
interest amongst American engineers  and scientists in a class of modulating 
devices  jsmg saturable reactors  as.  the basic nonlinear elements and,   therefore, 
usually called magnetic  amplifiers.     Less frequently,   the term "transductor" has 
been used,  particularly by European authors.   >       Numerous projects have been 
directed towards research  in the  theory and applications of these devices,  and 
magnetic amplifiers meeting  a wl.de range of requirements are now commercially 
available.    It may be  said in a_il  fairness,  however,  that  industry,   and even 
the engineering profession,  are only now recogni2;in^' the wide possibilities 
offered by  this type of amplifier.    Nevertheless   (as has been mentioned in many 
publications on the subject),   the magnetic amplifier  is by no mean3 a new de- 
velopment.     At least  its basic  component,  the  saturable reactor, was known and 
used only a few years  after the  turn  of the  century and has been more or less 
popular as a control device throughout the intervening fifty years.    The de- 
signation "magnetic amplifier"  appears to have  be«n used first about 1916 by 
E.  F.  W.  Alexanderson,3 who i~ famous  for having realized transatlantic radio- 
tslephony through the use  of high-frequency alternators.     Alexanderson also 
attempted to modulate   the high frequency output of his  alternators,  oy means of 
a magnetic device and thus did the  first work towards  the development of audio- 
frequency magnetic amplifiers. 

The advent of the vacuum-tub« doomed this  approach  to the generation 
of voice-modulated radio waves to oblivion for many years.     Although relatively 
inefficient,  fragile,   and inherently short-lived,   the vacuum tube possesses ad- 
vantages which otherwise make it  nearly ideal  as an amplifier component, par- 
ti cilarly when service conditions are net overly severe or critical.    The mag- 
netic amplifier could not compete  at that time.    Even the name virtually dis- 
appeared from the literature.k 

i Bibliography of Magnetic  Amplifier Devices  and  the Sat-urable Reactor Art, 
by -James G. "iCTes, Proc'. AIEE, VoT.~TO~ i~9~5T7~ Also issued as Technical 
Paper T-pl-jSo. 

2 
Fcr example,   see-*  entries U21,  u22,  jj23  or that bibliography. 

I     . 
V 3 

2. ^iiT"!i±£ An"'P31fi6r for Radio Telephony,   by E.  F.  W.  Alexanderson.   Proc. 
I IRE, Vol.   u7 Feb. 1916,  p.  101.    ATso ,   a paper bearing the s^tie title, by 
'     • E. F. W.  Alexanderson and S.  P.  Nixdorff,  Proc.  IRE,  April 1916,  pp.  101-129. 
i 

| Miles, op. cit., offers convincing evidence. 
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The development of dry metallic rectifiers and greatly improved core 
materials made eventually possible the construction of amplifiers vastly super- 
ior to tnose known in the early l?00's.    German engineers apparently were  the 
first to apply those in military,  naval,   and aircraft installations.    American 
interest was  aroused when records showed that- some  of these haa  satisfactory 
service-free  operating records of several years. 

The previously unquestioned supremacy of the electron tube is"now 
being challanged by both the magnetic amplifier and the transistor.}    Clearly, 
research  in  the latter  two devices  is not directed towards developing an  overall 
substitute  for the tube,   but rather towards creating amplifiers more suitable for 
specific uses than equivalent electron-tube  circuits would be.    The phase of 
research of which the  present project is a part is aimed towards the development 
of magnetic  amplifiers,  oscillators,  and more  specialized circuits  suitable for 
work a^ audio and radio  frequencies. 

Definition of the  Problem 

Considerable progress has been made in finding  satisfactory solutions 
to  the  basic problems of low-frequency magnetic  amplifiers.    While  no   single 
method of analysis  or design can be  said  to be universally accepted,   a number 
of approaches which yield theoretical results well in agreement with experimen- 
tal data do  exist.    The  transient and  steady-state performance with resistive 
and resistive-inductive load,  methods" of design,  different circuit arrangements, 
and many applications have bean discussed in large numbers of articles  and 
papers.     (A  comprehensive AIEE  "Bibliography of Magnetic Amplifier Devices  and 
Lhe Saturable Reactor Art" lists 901 entries*)"    Discussions of applications in 
the  audio-frequency range are  scarce,  however,   and  at still higher frequencies, 
use  of magnetic  amplifiers  is  an isolated phenomenon.     The purpose of the pre- 
sent  investigation is to extend to  some  degree  the  knowledge  of magnetic  ampli- 
fier behavior in the  audio-frequency range. 

Time limitations required the study to be restricted to steady-state 
performance only. 

Originally it was intended to design and build amplifiers on the 
model of  those which  had proven valuable for low-frequency work,  to develop a 
theoretical,  analysis of their  steady-stave  performance along the lines of the 
popular Ideal  analysts*),   and   i,iwn   UJ  uorrpara   theoretical and  experimental re- 
sults.     It became  apparent,  however,,  during the  course of the investigation 

£ 
See, for example? Some contributions to transistor electronics, by Members 
of the Technical Staff of Bell Telephone Laboratories, Inc. Bell System 
Technical Journal, Vol. 28. pp, 335>~U&9j -July 19U9. Also, The Transistor, 
Selected Reference -Material on Characteristics and Applications Prepared "by 
Ball Telephone Laboratories> Jr.:.  for Western Electric Co., Inc., N. T., 
1551. 

I Miles, op. cit. 
: 



«& 

R-329-53, PIB-26? 

that most of the standard approximate methods break down when tha special pro- 
blems of high-frequency application are faced; and also that the usual circuits 
p^e  inadequate unless rather extensively modified* In some respects the dif- 
ficulties are analogous to those that arise in high-frequency vacuum-tube am- 
plifier design and construction. But while with vacuum tubes the problem of 
amplifying 20 KG is only slightly different from that of working with, say 1.0 
c.p.s.; with the magnetic amplifier, the entire approach must be altered as the 
signal frequency is increased from very low values to cover the entire audio 
range. 

In particular, the power supplies that mu3t be used commonly have 
fairly high internal impedance. Methods exist for lowering supply impedance 
to arbitrarily small values, but *hese involve the sacrifice of available out- 
put voltage, or current, or of power supply eimplicity. It was d ecider? not to 
adopt these methods, but to examine the problem in the presence of high supply 
impedance. The problem to which this thesis is devoted is thus an investiga- 
tion of the steady-state performance ?f audio-frequency magnetic amplifiers 
operated from high-impedance supplies. 

Method of Investigation 

The present investigation has an experlmei M.1  and a theoretical phase, 
of which the former is by far the most important. The analysis is medicated 
upon the fvidamental laws governing lumped-constant electromagnetic systems. 
These laws are applied to the case of the saturable reactor and yield nonlinear 
differential equations. In the case if the low-frequency amplifier, these equa- 
tions c««n often be solved to give neat and concise results by the use of on?.y 
few, entirely realistic, assumptions. 'Infortunately, as frequency is increased, 
certain effects which are initially quite negligible come into the foreground 
to complicate the problem, so that the mathematical analysis becomes practically 
unmanageable. Rather than to attempt to find laborious solutions involving 
many gross approximations, it was consequently decided to focus attention pri- 
marily upon the experimentally observable behavior of the high-frequency am- 
plifiar. 

Experimental Apparatus 

The followir^g is a list of the major equipment used in the experimen- 
tal phase of the investigation* 

(1) High-Frequency Power or Carrier Supply. 

The unit employed for bids purpose was a Williamson audio-amplifier 
built from a United Transformer Company Model W-10 packaged kit.7 However, a 

7 
Completely described in Instruction Manual for Williamson Amplifier Kit, 
Model W-10, published by United Transformer Company, 15>0 Varick Street, N.I. 
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Freed Model l$/>8 output transformer was substituted for the UTC Model LS-oi, 
which had proved ur satisfactory. The unit still had good output at 108 KC, 
at wnich frequency it was usually used. In all cases,  connections were ^ade 
to the 500-ohm tap of tha output transformer. 

(2) Audio-Frequency Power or Signal Supply 

An amplifier with a 6l-6 working through an audio-transformer in the 
output stage was used to supply signal power at frequencies up to 20 KC. Con- 
nections were again made to the J>00~ohra tap. 

(3) Audio-Oscillator 

A Hewlett-Packard Model 200 C audio-oscillator usually furnished 
direct drive for the signal   supply.    The carrier supply * "s driven from a separ- 
ate Wien Bridge oscillator" synchronized to the output of the Hewlett-Packard. 

(li)    Carrier-to-Signal  Synchronizer 

This unit,   consisting essentially of a driven multivibrator, was in- 
terposed between the Hewlett-Packard oscillator and the Wien Bridge oscillator. 
Its function was to fix the carrier frequency at integral multiple values of 
ths  signal frequency.    It permitted clear oscillographic presentation of the 
modulated carrier and of complex hysteresis loops.    The unit is more fully de- 
scribed in Appendix I. 

(5) Control and Bias Supply 

D-c power for these purposes was taken from a motor-generator set, 
and was varied by use of potentiometers. 

(6) Meters 

Ordinary panel meters were used for most measurements. Carrier and 
signal currents were measured with r-f milliammeters. Whenever the carrier 
current contained a d-c component, it was necessary to block it from the r-f 
mster by means of a large d-c milliammeter arrangement. 

(7) Oscilloscope 

A Tektronix Model £HA was employe! for all critical observations. 
Gscillograms were recorded by means of a Dtimont Type 2y£ Osc:_liograph-Recor?i 
Camera. 

R 
Waveforms, Vol. 17,  MET Radiation Series, p. 120. 
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(8)    Magnetic Cores 

The experimental work, was done with toroidal ferrite cores which were 
kindly prepared by membars of the staff of HCA Laboratories  at Princeton,  K.  J 
Their characteristics are more fully described in later paragraphs. 

work. 

(9)    Rectifiers 

Type IN3u Sylvania or Kemtron germanium rectifiers were used for all 

(10)    Resistors,  Condensers,  and Other Small Components 

No specia^   care was taken in selecting these circuit elements, except 
that carbon composition resistors were preferred to wire-wound units. 

A block diagram of the experimental setup is  given in Fig. MRI-133U9- 

Summary of Conclusions 

Most of the high-frequency supplies now commonly available have fairly 
high internal impedance and the rectifiers usable at high frequencies have high 
forward resistance.    Both properties are detrimental to good magnetic amplifier 
performance.    The most useful type of cores have also relatively unsatisfactory 
magnetic characteristics which adversely affect the performance and make mathe- 
matical analysis unmanageable.    Further work towards the development of useful 
high-frequency amplifiers should first of all be directed towards the develop- 
ment of more satisfactory power sources,  core materials, and rectifiers. 

The Low-Frequency Magnetic Amplifier 

Fundamental Considerations 

A subcommittee of the American Institute of Electrical Engineers has 
adopted the following definition: 

"A magnetic amplifier is a device using  saturable reactors either 
alone cr in combination with other circuit elements to secure amplification or 
control."? 

The integrating circuit used for displaying hystbr^sis loops consisted of a 
100 K resistor in service with a 0.002 u.f condenser. 

Progress Report of the AIEE Magnetic Amplifier Subcommittee, Trans. AIE^. 
1901, P. Qli5. 
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Although it will be shown later that, for an almost trivial reason, 
the above definition is not logically complete, it nevertheless describes 
accurately the group of devices now popularly Vrown as magnetic amplifiers. 
The basic amplifier component is thus the saturable reactor. The rapid review 
of a few well-known experimental facts will lead to an understanding of its 
operation. 

When a virgin (originally unmagnetized) ferromagnetic body is sub- 
jected to a monotonically increasing magnetizing force, the flux d^n^ty within 
the body at first increases almost in direct proportion to the magnetizing 
force, but eventually the increase in flux density proceeds more and more slowly 
until finally the relation again becomes linear, but with a slope that is very 
much smaller than the observed maximum slope. The material is said to have be- 
come saturated. The relation between the magnetizing force or field intensity 
H and the flux density B (or total flux *) is given by the mean or normal mag- 
netization curve of the material. This curve describes the first basic non- 
linearity of a ferromagnetic material, and is, in general, different for dif- 
ferent materials. The ratio B/X  at any point on the curve is known as the per- 
meability or ordinary permeability \i,  and the slope of the tangent to the curve 
dB/dH is called the differential permeability mi. Other types of permeability 
are sometimes defined.^ Evidently, permeability is also a nonlinear function 
of either the field intensity or the flux density. Sample normal magnetization 
curves for three different materials are given in Fig. MRI-13350-a. 

If the field intensity is reduced monotonically to zero, a somewhat 
different curve is followed, ard usually at zero field intensity some residual 
flux density remains. If cyclic variations of magnetizing force are impressed, 
the flux density is also found to vary cyclically, but according to a double- 
valued relationship. The curve observed for very slow cyclic variations is 
called the hysteresis loop of the material; its area represents an energy loss 
called the hysteresis loss.H The loop represents a second basic nonlinearity 
of the body. Three sample loops are shown in Fig. MRI-13350-b. 

When the excursions of the field intensity are made wry  large, the 
 t JI.UI.    /»-i .    J...U.,    4 _    _»,"\-|_j    4.V.-    a.tm>«44a>i    rT..«,   J...Ji.   r>     .    1V,1 HUftA-LmiLUi   avaixatuxo    ±-L'j-JL   uonoi vj    ib    Eujiw    oiio    MVUI gx.- vii   x -iim   ugjjjZvj    ugi    wie.v 

obtained at zero field intensity the retentlvity By" The value of field in- 
tensity required to reduce the flux density to zero is known as the coercive 
force Hc. 

If the frequency in the cyclic variation of H is stepped up from a 
Mtaoretical 2iu.nimuiu ox zero ^ d—c loop/, the saturation ilux density remains 
quite constant, but the coercive force appears to increase \£ th frequency. 
This widening of the loop is indicative of additional energy loss in the body; 
the increase in loss above that due to hysteresis was formally attributed to 
eddy currents which are set up in the material as a result of electromagnetic 
induction. Observed results of the eddy-current effect do not, however, com- 
pletely agree with predicted ones, and it is now gonerally conceded that other 

Ferromagnatism, by Sichard M„ Bozorth, pp. 6-7- 

Principles of Electrical Engineering. Timbie and Bush. 
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factors are also responsible. At any rate* the tot*i en«rgy loss is not 
linear with frequency.12 This effect characterizes the third type of impor- 
tant nonlinear behavior encountered with ferromagnetic materials. 

A fourth type of nonlinearity becomes apparent when the body is 
heated. AU. ferromagnetic properties of the material, i.e., saturation, per- 
meability, and hysteresis, exhibit variation with temperature. The permeability, 
for example, may remain quite constant over a wide temperature range and then 
drop sharply to a very low value, fbr another material, there may be a peaking 
of the permeability vs. temperature curve at some point. All ferromagnetic 
materials, however, lapse into the paramagnetic state at sufficiently high tem- 
peratures. The point at which this change occurs is known as the magnetic 
transition temperature or Curie point of the material.*3 Sample curves are 
given in Figo MRI- 13350-c. 

Although hysteresis, eddy currant loss, and magnetic transition were 
introduced in the preceding paragraphs (because their understanding will later 
b6 required, and because they are, after all, basic ferromagnetic phenomena), 
only the property of saturation need be considered in the case of th« low-fre- 
quency (60 or UGG c.p.8.) saturahle reactor. High quality magnetic alloys 
have been developed which exhibit? very small hystftrssis loss and have Curie 
points very  far above the normal operating range; and eddy current losses are 
kept low by the use of thin laminations. These alloys often have the addi- 
tional advantage of exhibiting very 3harp saturation: the permeability changes 
in the ratio of several thousand to one within a very small range of magnetiz- 
ing force. The magnetization curve has a practically square comer; the mater- 
ial is known as "sensitive". 

Th6 Saturable Reactor 

"'he most elementary magnetic control circuit, the single-oore satur- 
able reactor, consists of a ferromagnetic core wound with N power or load 
turns, and with Nc control turns. The load turns are connected in series with 
a load resistor Hj, to a source of constant voltage a-c. The control turns are 
connected to a source of d-c voltage. A schematic diagram is shown in Fig. 
MRI-13351-a. 

Viewed in somewhat over-simplified terms, the reactpnee of the load 
winding is a function of its inductance, which, inturn, is a function of the 
permeability of the core as given by the magnetization curve. This permea- 
bility may be varied by changing tho d-c control current and thus the pre- 

1 magnetization cr value of field intensity with no a-c applied. Control of 
' the load current may thus be realised.H* 

12 

13 

111 

Bozorth, op. cit.» p. 783, Fig. 17-8. 

Bozorth, ioc. cit., p. 713. Also see AIEE Standard Definitions of Elec- 
trical Terms (book) AIEE, 19U2. 

Study of a Direct Current Controlled or Saturated Reactor, by John J. Rose, 
E. E. Theses, June 1933,~Poiytechnic Institute of Brooklyn, 
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The single cere reactor Is not useful practically.    First, the vary- 
ing flux in the core induces  large voltages in the control winding which cause 
currents to circulate through control  winding and d-c source unless a large 
impedance is present in the  control  circuit to prevent the flow of such cur- 
rents.    When such an impedance is present  and sufficiently large to make the 
a»>c component of control circuit current, negligible,   the control current is 
said to be forced,  and the type of circuit operation is designated as con- 
strained magnetization.    When  the induced currents are permitted to circulate 
freely,  however^  the'ease  is one of free magnetization.15    The free magnetiza- 
tion  (or free case)   operation of the single-core reactor  is trivial (since the 
reactor would become merely a short-circuited transformer), while constrained 
operation requires the use of very large chokes in the control circuit. 

Secondly,   the simple sarorable reactor follows the law of equality 
of ampere-turns on an average basis.    The gain on an ampere-turns basis is, 
therefore^ unity.     Much higher gains can be realized with the more practical 
circuits. 

Practical Magnetic Amplifier Circuits 

The  effect of the troublesome voltages induced in the control wind- 
ing may be readily eliminated by using either a two-core reactor circuit,   as 
shown in ?ig0 MRI-13351-b, or by using a three-legged construction for the re- 
actor core (Fig. MRI-1335l-c).    In the first case, the induced voltages exist, 
but oppose each other;   in  the seconds  no net a-c  flux links  the d°c winding at 
all,  so that the control winding has no a~c voltage induced in it. 

Both constructions have been used for industrial applications. 

The ampere-turns gain of a saturable reactor circuit may be raised 
from unity to very large values (Ideally to infinity) by placing feedback 
windings oh each of the cores.    The external feedback or  "Buchhold" type of 
magnetic amplifier is thus obtained.    The circuit diagram is given in Fig. 
MRI-13351-4.    Fteadback may be  aceomplishea also without  the use of additional 
windings by placing rectifiers in  series with the reactors.    The resulting 
circuits we known as self-saturating, and air? exemplified by the types known 
as half-wave, full-wave,  and doubler circuits.     (See Figs, MHI-1335l-e, f, 
and g»)    The half-wave circuit uses only a single core,  and thus is also not 
useful from a practical viewpoint..^ 

5    A Study of Self-Saturating Magnetic Amplifiers*    Part I - Steady-State 
Response of Half-Wave Circuit (ONR Contract N6 ori-98, Task Order h) by 
Edward J.  Smith, Report R-229-U9, PIB-17U>  Polytechnic Institute of 
Brooklyn, p.  1. 

A Study of Self-Saturating Magnetic Amplifiers*    Fart in - Influence of 
Control Circuit- Resistance on Steady-State Performance (ONP Contract N6 
ori-98, Task Order k) by Edward J. Smith,  Report R-231-50,  PIB-176, 
March 27, 1950,  Polytechnic Institute of Brooklyn,  p.  2. 
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The above listing includes tne most useful general-purpose magnetic 
amplifier circuits„ Many other circuits,, and refinements of the above cir- 
cuits, have been reported in the literature^-?, but are usually intended for 
special uses. 

Methods of Analyzing Magnetic Amplifier Circuits 

No single, universally applicable procedure of analyzing magnetic 
amplifier operation exists, but many individual circuit arrangements have been 
solved by one means or another, and the theoretical results are often in close 
agreement with the experimental observations. One method sometimes used with 
success is analogous to vacuum-tube technique: it combines the use of a reactor 
no-load characteristic and of load lines to predict performance at a given con- 

i dition of load.18 The load-line analysis is based on linear circuit theory; 
and, therefore^ the method appears to give the best results with less sensitive 
materials, since with these the high harmonics of the load current contribute 
relatively little to its rms value. 

The more frequently used method of analysis is the direct solution, 
in a more or les;: approximate manner, of tne nonlinear equations which describe 
the system, Som« of i.he approximations that are commonly made will be given 
below when this method is illustrated by examples.. One of the major difficul- 
ties that is encountered is to find a satisfactory representation ofthe core 
magnetization curve. .An accurate> but very laborious, process is a point-by- 
point solution from f»->rperl men tally observed magnetization data.19 It is some- 
what doubtful whether this type of solution is w>rth the effort that must nec- 
essarily be Gxpended5 since usually not the hysteresis loop, but the probably 
less accurate mean magnetization curve is chosen as the warking curve. In 
addition, the salient features of analysis and performance tend to become ob- 
scured in a mass of computation. 

17 

18 

published in preprint as T~50-93 

Analysis of Transients and Feedback in Magnetic Amplifiers, by W. C. 

69,  "     """"" Johnson, F~ W. Latson"; Trans. AIEE, Vol.  69, 1950,  pp. 60U-12,  also Elec- 
trical Engineering, Vol.  69, April 1950, pp..   353-59. 

19 This method is used in the Ward-Leonard Electric Company Report,  Theoreti- 
cal Analysis of Factors Affecting   the Design of Magnetic Amplifiers, by 
Phi1ipsiskindj  (Contract NO bs-uS-SkOV Summary ReportTask Order No. 1, 
W.L.    S.O. U761176)   January 1950. 
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Other representations  of the magnetization  curve  involve the use 
of power  series  (usually with p. finite number  of terras),   of transcendental 
functions,   or of series of suci functions,,20    ^he formerly popular Froelich's 
equation*! has oeen  all but discarded.    The  neatest and  most elegant solu- 
tions,  however,   are perhaps obtained when the  curve is simply approximated 
by a series of straight i:nes,22    Three  line segments are often considered 
sufficient to describe the mean magnetization curve of sensitive materials; 
four to approximate,  the hyst.oresis loop.    Figs. MKE   13352-a, b,   and c show 
various  straight line representations.    The  curve of Fig.  JTKT-13352-C indicates 
an abrupt change  in differential permeability from infinity to «ero at the in- 
stant of  saturation,,    No known ferromagnetic material,  of course,  displays such 
characteristics;,  the  curve is,  therefore,  attributed to a hypothetical ideal 
magnetic amplifiar material which is taken to be the  limiting case of sensi- 
tive materials. 

Results of satisfactoiy accuracy have been obtained by use of all 
of  the above representations,  particularly,  of course,  when good agreement 
exists between the assumed curve and the actual magnetization data of the 
material.    The strsight-line  approximations, best suited for  sensitive materi- 
als, have the additional advantage of yielding solutions of great neatness and 
simplicity,,    Although  the straight-line mean magnetization curve method is un- 
fortunately not adequate for solution of the rather difficult case of ihe high- 
frequency amplifier operated from a high'-impedance  supply,  it will  later be 
applied to some new amplifier circuits,  and it is,  therefore, deemed advisable 
to offer some illustrative examples at this point. 

Examples of Magnetic Amplifier Analysis 

The  principles outlined above will now be applied to obtain the per- 
formance of tha single-core saturable reactor and of the half-wave circuit. 
Although neither circuit is practically useful,,  their analysis clearly demon- 
strates the salient features of the theory, and will  serve a3 an adequate 
model for the analytical study of the novel circuits introduced in Chapter IV„ 

20 

21 

22 

See source cited in footnote 15, Appendices  "A" through "C" for Computa- 
tions with Cubic,   fifth order,  and Sinn Functions. 

Timbie  and Bush,  cp.  cit. 

Used, for example, by Th. Buchholds    Zur Thoori.e des Magne.tisch.en 
Verstarkerst  H. F. Storm;    Transient Response of" Saiurable"R"eactors with 
Resistive Lead;, Walter Esselmam    Straight Line Analysis of Full^?ave" 
Magnetic Amplifier. 
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Case 1.    Tho Single-Coid Saturable Reactor 

Consider the circuit shown schematically in Fig. MEI-133f>3-a.    The 
circuit,  as shown,  represents  a rather general case:  it will be reduced by 
successive assumptions to a very much simpler form.    Using abbreviations as 
given in the List of Symbols,   and applying Kirchhoff's arid Ampere's laws, we 
may write for the load mesh: 

v(t)    -    L 2i    * Ri <- N d* (1) 

dt dt 

and for the control mssh; 

v (t) - L —r-   *    R i  • H ^ (2) 
c       c dt    c c      dt 

and finally for the magnetic circuits: 

*A    ' Ni  +  \K (3) 

Making the assumptions,  (ay  that the amplifier is excited by .a con- 
stant voltage source Vm sin cot and controlled by means of a variable d-c source 
Ef.,   (b)  that the linear inductance L in the load circuit is negligible,  and (c) 
that the control mesh inductance Lc is large enough to insure proper constraint 
of the amplifier, we may write: 

V    sin art.    -    Ri •    N — (la) 
m <it 

and 

H/ffl-    Ni    •    NcIc     . (3a) 

Assuming finally an ideal magnetization curve for the amplifier core, 
we may proceed to obtain a solution for the load current in the following 
manner: 

Let attention be restricted to the aode of operation in which the 
anplitude of the flux excursions produced by the applied a-e alone is always 
less than the saturation flux *3.    When this condition exists,   and whan 
furthermore the control current Ic « 0,  the ideal magnetisation curve requires 

I that the load current also be zero at all times.    This may be seen from Eq. 
| (3a), which reduces to: 

H   -    0   -    Ki (3a>) 
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under the given restrictions. In an actual circuit, an exciting or magnetizing 
current IG will flow. This current, however, is small and practically inde- 
pendent of the control current. 

When some nonzero value of Ic is rf.useo' to circulate in the control 
mesh, the core will be saturated over p«rt of the cycle, the flux will be 
forcsd to remain constant at its saturation value, and Eq. (la) yields: 

V 
i - JU sin cot (U) 

R 

Current continues  to flow in accordance with this expression until some time 
t^, when flux begins to decay in  the core,    ti may be found from Eq.   (U) as: 

1    ^1 
t,     =    - sin-1 (—i) (Ua) 1 co 7 

n 

Flux variations can only occur, however, when H * 0, and Eq. (3a) therefore in- 
dicates that, whenever the core is unsaturated: 

Nc 

i   -   ix   -   - -^ic (5) 

It is possible to obtain an expression for the flux change in the core by inter- 
grating Eq.  (la)  from the desaturation. time ti as the lower limit to any time 

, t as the upper.    There results for the flux at the time t: 

7rc                                     .           ^1 $>$.,.      — (cos cot - cos a?t,) (t-t,) (6) 
8 tfN x N -1 

The saturation time ta may now be found by letting * - $8 and t - ts in (6) 
and solving the resulting transcendental equation by any suitable method. It 
is possible to show that the quantity Vm/-ii is exactly equal to the amplitude 
of the symmetrical flux excursions occurring when Ic - 0; and, henceforth, the 
substitution 

c^   *- (7) 

will be used without further explanation. 

For steady-state operation,,  integration of (la) yields the further 
result that the load current has a cyclic average value of zero.    On the other 
hand, when two cores are used,  and when the load current is expressed in mean 
values over a half-cycle,  there obtains: 

I  N    -    IN (8) 
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23 This  i?  the law of equality of ampere-turns referred to previously.      and in- 
dicates that a straight-line relationship of slope Nc/N exists between load 
current measured  on a half--cycle average basis  and  control current. 

The  solution of  the  satorablp reactor circuit is now aufficisntly 
complete for  the illustrative purpose for which it was intended.    Load currant 
and flux waves have teen mathematically described,  and can be  sketched for any 
given value  of lc.     (See Figs.  MRI-13353-b,  c.)     In addition,  a measure of t-h» 
performance of the  circuit.,  a relation between output and in^ut  Quantities has 
been given...     Such  a cirve,  whether theoretically or experimentally determined, 
is icnown as a transfer characteristic or traisfer curve of the  amplifier.    Its 
slope is callftd"Tne"gian oFTae ae'vTSe.    When load current is expressed in half- 
cycle average values,  the ampere-turns gain of a saturable raactor is evidently 
unity.     (This holds for the limiting case 5  for actual amplifiers the gain is 
always slightly less„)    A  transfer curve  of a saturable reactor is shown In 
Fig. MKI• 13353~d.    It will be noted that the indicated linear relation between 
control and load currents exists only within a limited range.    For larger con- 
trol currents the cote remains completely saturated,  and the load currant is 
determined solely by the applied voltage and the  load resistance. 

Since all components of the  saturable reactor circuit are entirely 
symmetrical  in their characteristics,   the transfer curve displays symmetry 
about the ordinate. 

Case 2.     The Half-Wave Circuit 2k 

It was mentioned in the section on Practical Circuits,  amplifier gain 
may be increased above the small value realized in a simple saturable reactor 
by the use of positive feedback.25    Analysis  of feedback circuits based upon 
the ideal magnetization curve yields the result that a feedback ratio of unity 
leads to Infinite amplifier gain.    (In actual circuits somewhat larger ratios 
are required to accomplish this result.)    Since the half-wave circuit is,  in 
fact,  a lOOJt feedback circuit,   the  i..i-=.~l analysis must predict infinite gain. 
Another method, the sc called firlns~point analysis» leads to results mere 
nearly in accord with experimental  observations, and this  approach will, there" 
fore, be used in the present instance. 

Consider  the circuit of Fig. MRI-I335U"& in conjunction with the mag- 
netization curve of Fig. MRI •1335U-bs  and the assumed rectifier characteristic 

23 
Geyger,  op_.   cit. 

2k 

*-? 

The Analysis of the Half-Wave Circuit is given in much mere complete de- 
tail  by E.   ,T. Smith in Part I of A Studjr of Self-Saturating Magnetic 
Amplifiers, op.  cit. 

Geyger,  0£.  cit. 
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of Fig. MRI-1.335U--3.    Note  that the  rectifier is   Laken to be  an open circuit 
when a negative voltage exists across its terminals:    it allows no reverse 
current flow whatever.     In the  forward  direction it exhibits a certain con- 
stant resi stance Rf. 

The equation for the load mesh may be written as: 

V   sin cut    -    Ri • N 3f • a (9) m 

while  for the control circuit we have 

E, 

dT* 3x 

I      -    ^ (10) 

*c 

and for the magnetic circuit of the core,  there applies: 

H1m    "    Ni    +    Vc • 
Because of the presence of the rectifier, negative current can never flow ir. 
the load circuit; but it is important to determine whether or not the load 
current can flow continuously under any conditions of circuit operation. If iy un 

Ibis, we assume that this is possible, then for all time: 

ex " ef " i Rf (12) 

and integration of Eq (9) over a complete cycle leads to the result: 

0 - (R + Rf) I (13) 

Load current can therefore flow continuously only in a lossless current. 

The process of solution can now be initiated by first considering 
the portion of the cycle, say between time t0 and time t^, during which the 
load current is continuously zero. In this interval, Eq. (11) yields? 

HA„ " Kl„ (lla) o m    c c 

Since the load current can only be positive or zero, it follows that Ho is the 
smallest possible value of field intensity that can occur. The assumed mag- 
netization curve ma>- be uaed to rel«t-e ^ to the corresponding value of flux 
$o> arid the flux must remain at this minimum point until, at t]_, the load 
current again goes positive. Due to the steep slope of the unsaturated por- 
tion of the magnetization curve, however, it remains negligibly small until 
saturation occurs, at time ts. Under this approximation, Integration of 
Eq. (?) results ins 
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3 

($  -.*)•$  (1 - COS Odt ) (1U) 

which may be solved for the saturation time t8. 

After saturation, no further flux change occurs, and (9) yields 

i - 
7 ain at m 

R • R„ 
(15) 

The load current wave thus consists of truncated half-cycles of a sine wave, 
and resembles closely the plate current of a thyratron with resistance load. 
The wave shape is sketched in Fig. MRI-1335ii-d. 

It is possible, on the basis of the above work, to develop many 
other expressions descriptive of circuit behavior,26 but for the present pur- 
poses (illustrations of methods of analysis) it will suffice to obtain a sin- 
gle additional result: the gain of the amplifier. It may be assumed for many 
materials that the unsaturated portion of the magnetization curve is a straight 
line, i.e.. that: 

(16) a * m L H 

,27 It can be shown      that the following relation holds between the average load 
current and the control current: 

A I 

I I. 

ra N N c 

(R*Rf)lra 

(17) 

The ampe'e-turns ^ain G„ then ia given by: H 

a (N I) m    fm N' 

MNC ic) (R*Rf)lw 
(18^ 

„2, Since mN /l is the unsaturated inductance of the core, we may write 

'H 
f L 
CO R*Rf 

(18a) 

26 

27 

E. J. Srdth, loc_. cit.. 

For a collection of data, see Bozorth, op. cit. Also includes extensive 
bibliography. 
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Note that Gg bears some similarity to the Q of a coil.    The equation 
i indicates that OJJ, exactly as Q, should rise linearly with frequency. It is 

well known, however, that the Q of the actual coils behaves otherwise; first 
increasing with frequency, then remaining nearly constant over a more or less 
extended frequency range„ and finally decreasing again. Experinental data 
will later be used to show that QJJ exhibits a similar behavior, 

Sample gain carves of the half-wave circuit are given in Fig. MRI- 
1335U-e. Symmetry about the lofid-current axis no longer exists, but the curves 
are generally shifted to the left of that axis and the portion to the right of 
the minimum point also shows a much larger slope than that to the left. In 
view of the shift, it is necessary to use an extra bias winding and supply if 
it is required that minimum load current be delivered at zero control current. 

Measures of Amplifier Performance 

So far, the ampere-turns gain and the current gain have been intro- 
duced as criteria by which amplifier performance can be evaluated. Other 
criteria exist. The power gain (Jp is frequently given. It is the ratio of 
load power to control power, and Is, as the ar-pere-turns gain, quite constant 
over the useful range of operation. Another significant quantity is the time 
constant T.  If a step change is made in the input, the output will also change, 
but not instantaneously. Briefly, the time constant is the time required for 
the output to reach 63%  of the final change. The time constant in cycles, Tny 
is the time constant in seconds multiplied by the source frequency. Sometimes 
a figure of merit A is used, and is defined as the ratio of power gain to time 
constant in cycles. 

The Influence of Magnetic Amplifier Component Characteristics Ppon Per- 
formance~~ 

A  considerable literature exists on the subject of this heading, 
although discussions arc often subordinated to expositions of principles and 
methods, and are used principally to justify discrepancies between theoretical 
and observed results. This attitude is understandable in view of the fact that 
the best available components for low-frequency amplifiers are so very nearly 
ideal. The small residual deviations from the ideal produce effects which are 
of second'-order importance in all normal cases of operation. 

As the frequency of signal (and carrier) is increased, however, these 
very deviations attain increasing importance until they finally become major 
factors in determining the performance of the amplifier. They must consequent- 

1 ly be examined, at least qualitatively, before the problem of the high-frequency 
I amplifier can even be approached. 

! The amplifier components to be examined in turn are the reactor, the 
rectifiers, the source, and capacitors (which are sometimes present). 
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(1) The Reactor 

It is by now amply evident that the saturable reactor is the heart 
of all magnetic amplifier devices, and therefore deserves first consideration; 
and the heart of the saturable reactor is its ferromagnetic core. The wind- 
ings ar« of course essential parts, but it will be assumed that, in the fre- 
quency range under consideration, their properties are true constants, i.e., 
that skin effect is negligible, and also that distributed capacitance is unim- 
portant. 

With regard to the core, it must be further assumed that the only 
phenomena that need concern us are those listed in the section on Fundamental 
Considerations, namely, saturation, hysteresis, eddy currents, aad magnetic 
transition. A host of others has been observed and reported in the litera- 
ture.2? Magnetostriction, magnetic skm effect, the Barkhausen effsct, and 
the influence of core geometry are but a few, rather well-known examples. A 
recently published work of encyclopedic proportions^ is available to the 
reader interested in these more advanced aspects of the science of ferromagne- 
tic materials. But it is the duty of the engineer to winnow the chaff from 
the wheat, and the above-mentioned subjects simply cannot be further discussed 
within the limits of this report. 

Although it will later appear that the 9ddy-current proDiem and the 
associated question of core material resistivity if. of small significance in 
determining the performance of high-frequency amplifiers, it plays f 6reat 
part towards indicating the proper choice of core materials and design. It is, 
therefore, essential to examine this problem rather closely. 

Ordinary transformer theory indicates that flux changes within a 
magnetic core induce eraf's which act so as to produce current flow within the 
conducting portions of the core itself. These eddy currents react back upon 
the source which produces them mainly in the following ways:  (3) the effective 
permeability of the material is reduced, (2) the energy loss in the material in 
increased, and (3) there is a time lag between the field strength and the 
corresponding induction (flux density).29 Although undoubtedly the first and 
third of these effects are important in their influence upon performance; it- 
is the eddy current energy loss which establishes an upper limit to the useful 
frequency range of any given core. 

orr 
' for  a collection of data, see Bozorth, op. cit. Also includes extensive 

bibliography. 

28 Ibid. 

29 Op. cit., p_. 769. 
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When it is assumed that the given material has permeability and re- 
sistivity independent of variation in both space and time coordinates, it 
becomes possible to solve Maxwell's equations, at least for certain geometries 
and time variations of applied field. This yields the result that the power 
dissipated by the flow cf eddy currents is inversely proportional to the re- 
sistivity f  of the material.,30 For engineering purposes, this resistivity 
will generally be taken as the effective value for the entire core, and this 
value may differ considerably from that intrinsic to the material itself. The 
quality of the insulating material between laminations or magnetic particles 
vili be of prime importance in determining this difference. 

As was mentioned earlier, eddy currents also cause a widening of the 
"hysteresis" loop. The observed dynamic loop thus cannot yield the actual re- 
lation between the instantaneous core flux and applied field. A method for 
correcting the observed loop to eliminate this effect has been proposed.31 

Occasionally it is found desirable to calculate simultaneously with 
the magnetic and less characteristics of the material. One approach to this 
problem has been to postulate a complex permeability.32 V,,±s method appears 
tc en,joy considerable popularity in Germany, but is used very seldom in this 
country. 

Now, it is obvious that any power dissipated through the agency of 
eddy currents must be supplied from the power source itself. This will necessi- 
tate a flow, in the load winding, of current relatively independent of control 
current. Generally speakings the result will be to increase the minimum possi- 
ble value of load current, to decrease the efficiency, and to alter the wave 
shape of the amplifier output. The solution of Maxwell's equations also in- 
dicates that eddy-current power loss increases as the square of the frequency 
of the applied field variation. The effect of increasing frequency is thus to 
aggravate all problems connectod with eddy currents. To sum up, the overall 
effects of eddy curients are (l) to decrease in the available range of ampli- 
fier operation caused by an increase in minimum possible load current, (2) 
a decrease in amplifier efficiency, and (2) distortion. It may be concluded 
that high eddy current losses are incompatible with good amplifier performance. 

With regard to saturation,, any deviation in core characteristics 
from the ideal will adversely affect the performance. No explicit relation 
exists, but experience has shov*n that the most nearly ideal core materials 
offer the highest amplifier ga:_ns} and that gain decreases as the magnetiza- 
tion curve exhibits increased roimdin• at the knee and smaller slons in the 

30 

31 

3?. 

Magnetic Circuits and Transformers, Members of Staff of MIT Department of 
Electrical Engineering 7"Chapter V,  John Wiley & Sons, N.  I.  19U3-    Also 
Boaorth.  on,   clt .,  Chapter 1?. 

Predetermination of Control Characteristics of Half- Wave Self-Saturated 
Magnelic AmplifiersTby"Henry Lehm'ann'," Trans" AIEE, Vol. TO, 1951-    Also 
published as Technical Paper 51-38?. 

Richard Feldtkeller» Einfuhrung in die Theorie der Spulen und Ubertrager 
mit Eisenblech kernen>  Second SdxTion,  S,  Hir^el Ver*ag\~Stnt.+.g»rt,  191*9. 
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unsaturated region. ^ It should be not.ed that design considerations indicate 
that low-frequency amplifier cores should exhibit large Bs, but this require- 
ment is based upon conditions external to the reactor itself. For the high- 
frequency amplifier the requirement appears to be the exact opposite, 

Hysteresis loss produces about the same effects as eddy-current loss 
in influencing performance. It depends, however more nearly upon the first, 
rather than the second, power of the frequency, and is apparently little in- 
fluenced by the core geometry. Whereas eddy-current power loss may be greatly 
reduced by properly laminating the core structure, hysteresis loss cannot be 
materially changed. Being largely beyond the control of the engineer, the de- 
sirable reduction of hysteresis losses is more properly an objective of the met- 
allurgical field. 

Magnetic transition, finally, is potentially the source of the most 
radical changes in performance. Fortunately, the commonly used core materials 
have Curie points far above the normal ambient temperatures. It is possible 
to conceive, however, of an amplifier in whi^ch hysteresis loss is quite large 
and the Curie point quite low. In such a case, a fortuitous combination of 
circumstances might easily cause the core to pass into the paramagnetic state. 
It will be seen that high-frequency amplifiers can undergo such changes. The 
interaction between hysteresis loss and temperature change in magnetic charac- 
teristics is also capable of initiating transients in the output, in other 
words, noise. This question will be discussed more iully in a later section. 

(2) The Rectifiers 

Aa in the case of the reactor core, attention must here also be re- 
stricted to a few of the most outstanding rectifier properties, those of for- 
ward and reverse resistance, and of self-capacitance. Numerous other phenomena 
have been encountered in this case also.3u 

The requirement that the rectifier forward resistance shall be 
several times smaller than the load resistance to be used is almost too trivial 
to mention, were it not for the fact that high frequency rectifiers tend to 
have very high forward resistances. It is clear that circuits employing recti- 
fiers in external or self-feedback loops would function very inefficiently if 
the rectifier forward resisttince were at all comparable in value with the load 
resistance. In addition, the gain of the half-wave circuit and those based 
upon it depends inversely upon the value of total a-c mesh resistance* (See 

33 See publications by A. 0. Milnes, Entries 7U8, 825, 896, of the Miles 
bibliography. Also, Lehmann, op. cit. 

-"A Metal Rectifiers (book) by H. K. Kenisch, Oxford (Clarendon Press) !${#. 
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p. 16.) High rectifier forward resistance thus reduces both the efficiency 
of circuit operation and the amplifier gain. 

The reverse resistance, on the other hand, should be as high as 
possible. (In the ideal case, infinite reverse resistance is postulated.) 
The closest approach to such an ideal rectifier is a vacv.om--tube and, indeed, 
vacuum diodes have been used for experimental work where it was essential that 
rectifier leakage be almost completely absent,35 The practical amplifier is 
often built for service too strenuous for the  vacuum tube and, consequently, 
metallic rectifiers are made use of. Such rectifiers always exhibit reverse 
leakage, although the reverse resistance may be very high. 

Flow of leakage current will, in genera], reduce amplifier gain. 
In the half-wave circuit, for example, leakage current flows during the time 
when the core is premagnetized or "sat" for the next cycle, and it flans in 
such a direction as to demagnetize the core.36 in addition, it slightly re- 
duces the average value of load current, but this effect is small in compari- 
son to the demagnetization. 

Rectifier self--capacitance is perhaps the most important from the 
viewpoint of the high-frequency amplifier, as it not only affects the per- 
formance at all frequencies, but also establishes an upper frequency limit to 
the usefulness of any given rectifier type. The exact effect of capacitance 
is not readily described, however, as experiment, shows that, in a given cir- 
cuit, the presence of condensers in parallel with the rectifiers may actually 
increase the amplifier g»in. Howevex-. whan the shunting capacitance becomes 
excessive, the gain is always reduced.37 Eventually the amplifier ceases to 
be useful* Pbr 60 c.p.8. amplifiers, for example, shunting capacitances 
larger than 1 or 2 microfarads might make the gain impractically low. Now, 
measurements on selenium cells "indicate a capacitance of about 0.02 micro- 
farad per square centimeter of rectifying area",3° and, consequently, it is 
to be expected that selenium cells of the normally available sizes will lose 
their usefulness at frequencies rather less than 10 kc. In fact-, one author 
states that the capacitive effect (.he apparently take3 this to be simply a 
demagnetizing effect like that of leakage) with sensitive amplifiers operated 

35 Lehmann, 0£.  cit. 

37 

The Use of Selenium Rectlf 'mrs in Sslf-Saturating Magnetic Amplii 
7. R.  Conrath,  Electrical Engineering,   January T$$2,  pp. 51 ~-5u. 

The Influence  ;f Capacitance Variation Upon the Performance cf the Self- 
Saturating Magnetic Amplifier,  Chang Yun,  M,E.E."Thesi»,"Polytechnic 
Institute of BrookTyn.  June 1*952. 

*      Conrath, op_. cit. 
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from a 1,00 •cycle power supply is sometime;s greater than that of leakage."' 

(3)    Th~  Power Supply 

By far the greater portion, as w    have seen,  of core and rectifier 
secondary properties adversely affect magnetic  amplifier performance.    As has 
been stressed previously,,  the effects are largely negligible at normal power 
frequencies-  and become important only as the audio-range  is ^proached.    Their 
elimination, however„   is  closely dependent upon the development of intrinsically 
better high-frequency core materials and rectifiers,  and in this province the 
electrical  engineer must usually follow the lead of the metallurgist and the 
solid-state physicist.    But there exists yet another,  and major, obstacle to 
the construction of satisfactory high-frequency magnetic amplifiers,  and that 
is the lack of suitable- power supplies.    This problem i3 entirely within the 
field of electrical engineering and, as the development of practical h-f am- 
plifiers apparently hinges on its solution, much more attention will probably 
have to be devoted to it than it has been given in the past. 

The statement  that amplifier performance is closely related to the 
characteristics of the power supply would be a trivial truism, were it not 
indeed the case that this obvious fact has become obscured in the majority of 
the papers written on the subject.    To the best of the author's knowledge, 
the assumption has been made in every treatment of the amplifier that the 
supply was of the constant voltage type characterized by low (or zero)  internal 
impedance.    In the case of 60-cycle amplifiers, which commonly operate either 
directly,   or through good, low-regulation,  transformers, from the power line, 
this assumption is,  of course,  fully justified.    Because it is so well justi- 
fies,   and so often used,  it has so much become a matter of habit that it is 
occasionally not even mentioned.    An example of such omission is tha AIEE mag- 
netic amplifier definition itself.     (See p.  $.)    That definition can logically 
lead an intelligent layman well versed in the rules of grammar to the obvious- 
ly fallacious conclusion that a set only of saturable reactors can constitute 
»»      111 ~t£)i  V-' V   1   V      *-•* <i {.'.*._»-*    -tW-«.    • 

Because of the almost universal    se of the above assumption,  am- 
plifiers operated from other types of aipplies have never, to  the best of the 
author's information, been studied or reported in  the literature.    External 
conditions, however, may sometimes dictate the use of other than constant 
VUX I'agC       3   Jjjp.    IT   ir.       CLU       '-•! i OX    O*. V'X   C"        ^liU       OUllJiUCl   QUiWH      WX        MVW   vU       V1M4 u\/ WVM  XU UX^O 

appears to be roach mare than merely academic in interest. 

Let 'is see what types of supplies in addition to the constant-vol- 
•^age uiws that are usually postulated might be encountered in practice. 
Broadly speaKing,  we shall find some that can be represented as combinations 

39    - . - 
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of entirely linear elements, and thus subject to Norton's and Thevenin's 
theorems; and others that saturate in some manner or other, and thus possess 
nonlinear characteristics. All physically realizable supplies are of course, 
strictly speaking, in the nonlinear group, but may closely approximate linear 
behavior over some range of operation, Conversely, supplies that show definite 
nonlinearities when employed over the full normal operating range may be linear 
over small portions thereof. Vacuum tube supplies tend to fall into this last 
category. 

The two limiting cases of linear supplies are the constant-voltage 
sere—impedance, and the constant-current, infinite-impedance, types. It is 
easy to predict the effect upon the performance of any conventional amplifier 
circuit when its normal constant-voltage supply is replaced by a constant- 
current supply: it will cease to amplify. The action of normal amplifier 
circuits depends upon the ability of the reactor to affect the value of load 
current, and this is manifestly impossible when the current supplied must re- 
main a constant. Some circuits could not even be safely connected to a constant- 
current supply: The rectifier in the half-wave circuit, for example, would be 
destroyed by attempting to interrupt the supply current. 

This complete failure of conventional amplifier circuits to operate 
from a constant-current supply is but an extreme eicample of the influence of 
supply characteristics upon amplifier performance. Consider another, more 
realistic, but also more difficult example, that o:r a supply which can be re- 
presented as a true voltage source in series with a constant resistance Rg, 
connected to an iron-cored coil. For simplicity, all leakage flux will be 
neglected, so that the equation of the system may be written as fellows: 

Vm Bin ort, - Rg * (t) • N H (ij t)  . (19) 

It is desired to find the wave shapes of current, flux, and coil voltage. 

Since tha equation is nonlinear, no straight-forward method of solu- 
tion is possible. In this case, a method of successive approximations was de- 
cided upon. It is first assumed that Rg • 0. The flux and coil voltage will 
both be sinusoidal, but the current will already be distorted. A common 
graphical constructionUO may readily be used to obtain the current wave shape. 
It would now be possible to resolve this current into a Fourier series•of its 
component harmonics, but it was considered simpler and possibly more accurate 
to carry out the entire process graphically. The next step is to multiply the 
current i(t) so obtained by Rg, and to subtract the resulting IR term from the 
supply voltage. This yields the first approximation to the reactor voltage 
Vj,. Since the hysteresis loop requires a knowledge of the flux before a second 

4" Magnetic Circuits and Transformers, op. cit., p. 171. Also Electrical 
Machinery, by M. M. Liwschits-GarIk and CT~C. Whipple, Vol. II, New York, 
D. Van Nostrand Co., 19U6. 
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approximation to the coil current may be constructed from it, it is now 
necessary to integrate the reactor voltage function. This is done graphically 
by summing areas. The first graphical construction is now carried out for a 
second time, and thus second approximations to coil current, and voltage, and 
a third approximation to the flax wave are obtained. From here en, the process 
is repeated as many times as is necessary to obtain wave shapes which no longer 
change appreciably under successive approximations. The main steps and results 
jf the process are indicatec in the various parts of Figs. MRI-13355 and HRI- 
13593. Fortunate]y, the second approximation to the coil current 30 nearly coin- 
cided with the first atteupt that it was deemed unnecessary to continue the con- 
struction, which, it must be admitted, is rather laborious. 

It should be noted that the voltage appearing across the coil itself 
is quite heavily distorted. In view of the fact that Rg is part of the supply, 
only this voltage, and not the source voltage Vm sin as^T,  can be observed. 
Another point of interest is the double peaking of the coil voltage wave form. 
This effect can become much more pronounced than appears from the example, 
and in certain cases- the voltage wave is so heavily charged with harmonics 
that it has the appearance of a repeated train of pulses, rather than of a sine 
wave. 

All these points will later be implemented by experimental evidence. 
Ax this instant it was desired only to offer a single examplb of the possible 
effect of supply impedance upon the functioning of a magnetic amplifier, and 
it must in this respect, be concluded that« at the very least; certain of the 
observable wave shapes found to exist during circuit operation will not possess 
the sharp and cleancut qualities to which the conventionally operated ampli- 
fiers have accustomed the engineer. There i3, however, a far more serious dis- 
turbance introduced by high supply impedance. Amplifier gain will suffer in- 
creasingly as the internal impedance goes up. The extreme of a constant cur- 
rent source has already been discussed. Another example is a vacuum-tube am- 
plifier, such as was employed in the experimental work. Such an amplifier, 
for a given amount of signal input, might deliver 28 ma rms into a 500 ohm load, 
»nd 120 ra* rms when practically short*circuited. (These are representative 
values obtained by actual test.)  Such a supply will inevitably thwart the at- 
tempts of any normal amplifier circuit to vary the amount of load current over 
an adequately large range. 

To sum up. then, the conventional magnetic ampJJ.fier circuits exhibit 
their best performance c.ily when operated from constant voltage supplies. The 
presence of any internal impedance leads to reduction in gain and in range of 
operation and to wave shape distortion." the limiting case of infinite internal . 
impedance makes operation impossible. 
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(10    Capacitors 

When capacitors are included in magnetic amplifier circuitry, it is 
possible to obtain many different,  and often extremely interesting, results. 
The gain may be increased or decreased,   the transfer curve shifted,  instabili- 
ties introduced,   tuning accomplished, etc.    Because the results depend greatly 
upon the exact nature of the circuitry,  however,  and because they are,  indeed, 
sometimes quite erratic and unpredictable, no general discusion of their in- 
fluence on performance is possible.    Some experimental results will be offered 
in a later chapter, but no attempt will be made there to give a theoretical 
verification,  for the subject is still for the most part in the experimental 
stage. 

III.  Problems Pecaliar to High-Fraquency Application 

So far only a general view of the results of nonideal behavior of 
amplifier components has been given.    Specifically, no attempt has been made 
to evaluate  the relative importance of each deviation from the ideal.    The 
reason for this omission lies in the fact that the relative significance of 
each property depends to a considerable extent upon the frequency range dn 
which the  amplifier is to be used.    It is, therefore, necessary to understand 
how amplifier application outside the usual power-frequency rango comes  about. 

Dependence of Carrier Frequency Upon Signal Frequency Range 

In a recent paper on "The Use of Ferrite-Cored Coils as Converters, 
Amplifiers and Oscillators,"^-    V. D. Landon states with respect to the power- 
frequency amplifiers 

In this case the amplification soems to depend on the difference 
in frequency between the signal and tne 60-cycie exciter voltage. 

He continues.: 

Obviously a higher frequency exciter vcltage may be used and 
then the frequency of the signals may be increased. 

The  first statement is rather questionable since it appears to indicate that 
the  signal frequency may be either higher or lower than the exciter frequency, 
but even if it is  accepted.,   it doeis not follow as an obvious consequence that 
an increase in signal frequency requires a simultaneous increase of carrier 
frequency.    A statement by J.  K. Manlsy^'- is somewhat more to the points 

Tne Use ^1 Ferrite-Cux-cd Coils as Converters, Amplifiers,  and Oscillators, 
!• 5.. Landon,  RCT~Revlew, Vc L. 10, September 19U9, pp. 387:^. 

Some General  Fr^srties c? Magnetic Amplifier a,  J. M.  Manley, Proc. IRE, 
VcOT 397"Mar"rh~195l7 pp."SU'2-5T. 
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...the ratio of power takem from the carrier source to that 
taken from the signal jource is always as great or greater 
than the ratio of their respective frequencies if no losses 
are considered. 

The statement is given viUiout. proof. At any rate, there appears to be general 
agreement that gain or amplification can only be realized when the carrier fre- 
quency is in excess of the signal frequency. It is possible to estimate the 
actual ratio that is required for a reasonable amount of amplification from 
considerations of time response. 

The definition of time constant was given in the section on "Measures 
of Amplifier Performance" of the previous chapter. Physical reasoning indi- 
cates that such circuits as the half-wave circuit cannot possibly have a time 
constant of less than one cycle of the carrier frequency, since the change in 
control may occur at a time when flux build-up has already been completed and 
thus cannot affect the output until the next cycle. Experimental results, 
however, show that actual amplifiers require at least 3 or k  cycles of the 
carrier frequency, and consequently could not adequately follow a signal whose 
frequency exceeds about one-third of the carrier frequency. Wore precise 
figures are given by E. L. Harder and ¥. F. Hortonh3 who investigated the re- 
sponse time of magnetic amplifiers. They write: 

Representation of the magnetic amplifier as a single delay 
system may be tested by comparing its frequency response with 
that of a theoretical single delay.... the theoretical curve for 
the single delay drops off in voltage response to %Q%  (voltage) 
at a signal frequency of 2.55 cycles per second for the test 
amplifier which has a time constant of 6.5 cycles, measured with 
a step function. The test amplifier follows the theoretical curve 
reasonably well, indicating that representation as a single delay 
is justified. 

Table I shows the theoretical possibilities of passing vari- 
ous frequencies. To obtain £>7%  voltage response (7$%  powe.r re- 
sponse) even with a two cycle time constant....... the signal 
frequency must not be over h.6%  of the supply frequency; i.e., 
3 c.p.s. for a 60 cycle supply. Fifty percent power could be 
obtained at- ft%  or approximately 5 c*p»s., 25%  power at 13*8$ or 
8 c.p.s. Below this point power varies inversely as signal fre- 
quency squared, or voltage inversely as the signal frequency. 
That is, they drop off at 6 db per octave. Thus serious attenua- 

! tion is encountered unless the supply frequency is at least ten 
i times the signal frequency. 

U3 Response 'rime of Magnetic Amplifiers,  E.  L.   Harder and W. F,  Hortcn, 
Trans. AlEE7"VoT. 69, 1950; pp. 1130-Ul. 



II 

R-329-53* PtB-265 26 

TABLE I1*3 

Response of Single Delay System 

Output Signal Preq./Supply Freq- 
Input"   #<      for Amplifier Time Constants 

Yoltage Power f_T       In Cycles of Supply Frequency 
or 
Current o_ \_£/2i!l 2 cycles 5 cycles 10 cycles 

86.6* 75* .092 .092 .01*6 .019 .009 
70.7* 50* .160 .160 .080 .032 .016 
50$ 25* .276 ,276 .138 .055 .028 
10*    . 1* 1.60 1.60 .80 .32 .16 

Practically speaking, then, reasonable gains are not possible until 
the carrier frequency exceeds the signal frequency ty a factor of eight or sure. 
Only in this sense does amplification depend upon the "difference in frequency" 
between the signal and control voltages. 

It follows as a result of these considerations that an amplifier de- 
signed to cover the entire audio-frequency range, i.e., up to about 15 - 20 kc, 
must have a carrier supply capable of furnishing somewhat more than the desired 
load power at frequencies of 120 - 160 kc. And thu", while for the 60-c/cle 
and UOO-cycle amplifiers the need for an a-c power supply constitutes at best 
a distinct advantage and at worst a minor inconvenience} the same necessity is 
a serious hindrance to the development of satisfactory and practical magnetic 
audio-amplifiers. The difficulties are connected not only with the supply, but 
also with the amplifier components themselves. Th«! general concepts of Chapter 
II can now be applied with the high-frequency amplifier in mind to evaluate the 
relative significance cf ths component properties trith a view towards designing 
as successful an amplifier as seems possible at the present time. This evalua- 
tion, unfortunately* must be carried out without the guidepest of a satisfactory 
analysis of magnetic audio amplifier performance, for the very magnitude of the 
secondary characteristics of the components eliminates all possibility of com- 
pleting a theoretical analysis based on realistic assumptions. The fully (or 
nearly) idealized case can be discussed, but haj littlw Tactics! value in 
view of the actual properties of the component parts. All further attempts at 
analysis will, therefore, be deferred until a discussion of these properties is 
completed. 

u3 

* 

Response Time of Magnetic Amplifiers, E. L.  Harder and W. F. Horton, Trans. 
AIEE, Vol7^9s~l9557~pp. ifiCCITI. 

Based on 100* for d~e signal. 

•»•    f Signal frequency/supply fTsqavuey 

T      tlm& constant in cycles ot" supply ir^qu.&iuy. 

xo 
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Component Characteristics at Higher frequencies^ 

(1) The Reactor Core 

It has »o far been noted that the carrier frequency must be kept 
eight or more times larger than the signal frequency, and also that the eddy 
current power loss increases as the square of the excitation frequency (p. 18). 
The hysteresis loss only increases in proportion to the excitation frequency, 
and thus, at least for metallic materials, constitutes the lesser of two evils. 
At any rate., beyond the careful selection of materials^ not much can be done by 
the magnetic amplifier engineer to affect hysteresis loss. 

The requirement for reasonablv efficient operation at high frequencies 
may then, in practical terms, be trans, .ted into that of keeping the eddy-current 
losses at a minimum. In essence only two approaches have been made 5 one involves 
the increase of the resistivity of the core material itselfj the other the sub- 
division of the core into suitable portions3 such that the length of the eddy 
current paths is increased,, or their cross-sectional area reduced, or both. The 
second method leads to laminated cores and to powder cores„U1* As it is diffi- 
cult to increase substantially the intrinsic resistivity of ferromagnetic metals, 
the first approach has led principally in the direction of nonmetallic ferro- 
magnetic bodies. 

Each of the methods mentioned has merits and defects„  Powder cores 
have the principal advantage that their losues are so effectively reduced that 
they can be used at frequencies of many megacycles. They are, however, in the 
author's opinion, quite useless as magnetic amplifier cores. The ruinous 
plastic which binds the powder particles into a solid structure not only acts 
as an insulator between particles and so reduces losses, but also introduces 
airgeps throughout the core, and thus sharply cuts its effective permeabilityi 

The effective permeability ^  of & to:  dal core made of 
sufficiently fine iron particles having an intrinsic permeability 
•^ is given by 

7.       -I 

where 7± is the fraction of the total volume occupied by the iron, 
and 7D " 1 - 7j  i«  the fraction of the volume occupied by the 
nonmagnetic resin coating between the particle.    For a practical 
core with ^M  - 80 and V± » 0.9$ (3 micron particles), ^ is only 
16.     There is little advantage in going to higher Intrinsic 

Carbonyl Iron Powder? (pamphlet) Ctoner*; Aniline and Film Corporation, 
hlili MadTson~Ave.7 ff.' Y. also, Crolite Magi£pres (Catalog u6) Henry L. 
Crcwley and Co„.„ Xnc*, West Orange, N.   J. 
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permeablLities here,  because V^ limits ^ to a maximum value of 
20 erren if ^ were   infinitely large.    Further reduction in VD 
has been impractical because thinner insulating coating (tender) 
results in (1)  insufficient mechanical str«ngth_.  and (2) increased 
electrical contact  of the particles.    The increased electrical 
contact increases the effective particle size and eddy-current 
path-length„u5 

The air gaps introduced by the binders  do not„ however, much affect 
the saturation flux density,  which,  for the powder core,  is close to that of the 
solid ferromagnetic material.    The mechanical strength of the powder core is 
much less than that of the original metal*  and this factor makes the production 
of cores with small, cross-sectional areas difficult.    Now,  as later discussion 
will make clear, design considerations demand that cores intended for use in high- 
frequency amplifiers  shall have relatively low Bs»  as high a permeability as can 
Da achieved,  and relatively small cross- section,,    Although powder cores have 
proven quite valuable tc the .*adio engineer^  they have properties exactly op- 
posite to the desired uues in the above important respects, which apparently 
more than offset  their low-loss quality and make their successful application 
to magnetic amplifiers unlikely. 

The opposite is true of cores made up of metal alloy laminations, 
usually wound of strip material in a toroidal  form,.    Such cores have been pre- 
pared (at least for experimental purposes)  from laminations as lew as l/8 mil 
in thickness,  and have reportedly been used at frequencies of several megacycles 
without excessive leases.    These strip wound cores  can be made of the most sensi- 
tive materials available  to the magnetic amplifier engineer,  and for this reason 
alone may eventually be found to be the best solution in the  audio-frequency 
range0    They possess essentially the  saturation characteristics of the base 
material.,  and thus saturate at rather high values of flux density.    This apparent 
design disadvantage is greatly nullified, however., by the fact that such cores 
can be prepared with exceedingly small cross-sectional areas.    (See Appendix II,,) 
Although laminated,  strip-wound .-tores „.„ v&ry daiiwit^. both electrically and 
mechanically,  they are even now preferred by a number of workers in the field. 

Incidentally,   the tendency has been to use the thinnest available 
laminations for high-frequency use,   and stock  as thin as 1 mil for 60-cyr:le ap~ 
plication0    No doubt the eddy-current problem has been considered sufficient 
justification for this practicec    Recent research tands to Indicate that there 
may exist,  for any gi^en application,  an optimum lamination thickness„    This 
hypothesis is more fully discussed in a thesio^lieing written concurrently with 
the present one by R. Zarcuni, also zt the Polytechnic Institute,  znd therefore 
cannot be further considered. 

Ferromagnetic Spinels for R*iio j^e>j£*5£l€,sl> R- L- Harvey, L  J. Hegyi, H„ W. 
Eevereriz, "ficX RevTewT Vol.  li,^SeptemBer7"T950 
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Let ui now revert to the basically different approach of increasing 
the intrinsic resistivity of the core material. Historically, metallurgists 
have attacked the problem of developing better magnetic materials from two 
points of departure: elemental iron, and a ferromagnetic iron oxide known as 
magnetite. The latter possesses, even in its natural form, the advantage that 
its resistivity is about 1000 times that of metallic iron.u6 With this oxide 
as a basis, ferromagnetic compounds have been developed which are known as 
ferrosplnels or ferrites. It must be emphasized that they are true compounds 
and entirely different from the mixtures which constitute powder cores. In the 
final fonr of manufacture they ara homogeneous crystalline structures throughout 
and contain no bindar whatsoever. In physical appearance they usually resemble 
black or grey masses of ceramic, break with a somewhat shell-like fracture, and 
have a hardness approximating that of glass. 

The physics of ferromagnetic spinels, the methods of their manufacture, 
and certain of their characteristics, are rather fully described in a paper by 
R. L. Harvey, I. J. Hegyi, and H. W. Leverena which is entitled: "Ferromagnetic 
Spinels for Radio Frequencies",U7 Another publication, "Magnetic Ferrites",*° 
by 0. L.Snyder, E. Albers-Shcsnberg, and H. A. Goldsmith, contains the results 
of tests on a number of different, commercially available; ferrite materials. 
The indisputably very important fact of high volume resistivity is stressed 
there, and a figure of 10? ohm-cm at room temperature is given for one of the 
materials. The values given for five others vary between 2 x 103 and 3 x 107. 
The method of measuring this resistivity is unfortunately not discussed, and the 
practical meaning of the values cited is somewhat doubtful in view of the follow- 
ing observations reported by Harvey, Hegyi, and Leverens: 

One might expect that ferrospinels having high electric re- 
sistivity would be completely devoid of eddy-current loss. However, 
this is not borne out by experimental data. For example, two ferro- 
spinels which were measured, were found to have values of volume 
direct-current resistivity which differed by a factor of 2 x 10U, 
sr.d yet- they had the same eddy-current loss constant. This leads 
*3 •>»» belief that in a "oi^cyft-alline structure of thi? kind, ihe 
resistivity may not be uniform throughout the body* Indeed the ex- 
perimental data strongly indicates that the crystals may have low 
resistivity and that the crystal boundaries are responsible for the 
high overall resistivity. 

h6   Ibid. 

M Ibid. 

Magnetic Farritea-Gore Materials for High Freyiancies, C. L. Snydsr, 
E. Albers-Schoenberg, H. A. Ooldsmith, Elects"»al Manufacturing, December 
191*9. 
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Whether the exceedingly high values of resistivity cited above are 
practically meaningful or not, the experimental fact remains that eddy= current 
losses in f of rites remain negligible over wide frequency ranges.    It has been 
noted that eddy-current power loss leads to a widening of the apparent hystere- 
sis loop.    The cores used by the author for most of the experimental work were 
tested at frequencies between 20 kc and 100 kc,  and visual inspection of oa- 
cillographic patterns revealed no detectable widening between these limits. 
Furthermore,  the materials have proved sufficiently good from the standpoint of 
losses to permit their use in saturable elements  at frequencies about 100 mc. 
The GG3 Increductoru9 is an example of such Application. 

It is seldom, however,  that we get something for nothing.    The point, 
to be made now will be most easily presented in conjunction with some triaxial 
diagrams of the ternary ferrite  system NiO - ZnO = F«20-», which < 9 rather fully 
described in the Harvey, Hegyi,   and Levereni reference.'   Consider the diagram 
of Jig.  MRI-13356.     (In passing,  it is interesting tc note that such a triaxial 
plot is really a planar representation of  a five-dimensional curve, with the 
constituents along three of the axe3t  the parameter along the fourth,  and the 
independent variable  along the fifth.    The two-dixwnsional mode of plotting is 
perhaps possible only because three of the variables are restricted between the 
limits  of aero and unity,  and their sum must always equal unity.)    Every point 
within the equilateral triangle represents a different composition whose in-    . _ 
gradients may be read directly from the coordinates of  the point. 

J?ow examine the charts for permeability,   Q,   and Curie pointy as given 
in Figs. MRI-13356, MRI-13357,  and MRI-13358,  in conjunction with each other. 
Note that^the desirable qualities of high permeability, high Q (or low losses), 
and high Curie point are not simultaneously realizable in an y single mixture of 
the system.    The region cf high permeability,  for example,  coincides with that 
of rather low Q and very low Curie temperature.    The lowest losses occur in a 
region of undesirably low permeability.    The permeability in particular falls 
off quite sharply with relatively small changes in composition.    As a result, 
the production of reasonably large quantities of cores exhibiting reasonably 
constant magnetic properties   is  & rattier  difficult   problem in quality control. 
The author does not pretend to understand this obstinate attitude on the part 
of nature which  seems determined to thwart the development of satisfactory high- 
frequency,  ferrite-cored, magnetic amplifiers.    In any case, whatever core com- 
position is chosen,  the selection inevitably represents a compromise between 
the various desirable properties. 

Fortunately, ferrite metallurgy is not limited to the nickel-sine- 
iron system.    Numerous other watallic oxides can be used in the mixes to alter 
th.3 resultant characteristics.    There is, indeed,  no reason to remain within 
tenary systems.    Research is now going en in the laboratories of the larger 
ferrite-core manufacturers,   aucn as General  Ceramics and Steatite Corporation, 

li9 
Tha C. G.  S.  Incrfeductor  (pamphlet),  C. G„  8. Laboratories,  Inc., 
(Stamford,  Conn..)-,  1951 
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makers of the  "Ferramic" materials, and N. V. Fhilips' Gloeiiampen-Fabrieken, 
originators of the  "Ferroxcube" line.    Some excellsnt res-alts have already 
been reported,  aioong them a ^squars-Ioop" material by General Ceramics.^    it 
must be recognized that, compared to the work that has been done on ferromag- 
netic metals,  the spinel field is still in its infancy.    There is hope that 
entirely satisfactory materials manufactured under close quality control to in- 
sure uniformity will be available in the future.    Let us see what single pro- 
perty of the cores most urgently requires improvement. 

It has been noted that the eddy-current problem is rather neatly dis- 
posed of by the use of ferrite cores 3 that materials can be obtained which couple 
reasonably high permeability with relatively lev total loss; (see Figs. MRI-13358 
and MRI-13359,' and it must now be mentioned that the saturation flux densities 
of ferrite materials are smell, being in the range from 1000 to 5000 gauss.^1 In 
view of all these advantages, what ground still remains for dissatisfaction? The 
major failing of the available ferrites is that a very low transition temperature 
usually characterizes the otherwise most suitable mixtures. 

In Chapter II,  the direct bearing of Curie temperature upon amplifier 
performance was hinted at,  and the possibility of the generation of false sig- 
nals or noise indicated.    As may be seen from Fig. MRI-13359,  the Curie point 
for a portion of  the nickel-sinc-iron system can occur below 100°C, and actually 
falls close to 150<>C for what are,  in the author's opinion, the most useful 
mixtures.    Even in the interior of the core, the temperature therefore cannot 
exceed this range of values without greatly modifying the characteristics of 
the amplifier.    More serious still is the fact that over a very considerable 
temperature range below the Curie point,  the magnetic characteristics are often 
not constant with temperature.    The exact nature of the temperature dependence 
varies with the composition of the material,    A few typical curves gleaned from 
the manufacturers'  publications are reproduced in Fig. MRI-13359.    Although 
there only the dependence of the intial parmeability upon temperature is plotted, 
most, if not all,  the other ferromagnetic properties also show variation with 
temperature.52    The following experimental results were noted with respect to 
hysteresis and saturation flux den3itys 

It w«s recognized at an early stage of the experimental work that this 
temperature dependence would seriously affect the  accuracy of all data and  con- 
clusions drawn therefrom.    Precise temperature control would have involved the 

Properties of Ferrite Materials, by E. Oelbard and H.  A. Goldsmith,  pre- 
sented*-aT"th~e irSB"'Wn£er~T3eneral Meeting., January 21-25, 1952. 

51 
Snyder, Aibers~Schoenberg and Goldsmith, op. cit. 

52 
BoKorth, op. clt.., Chapter lb. 
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expenditure of a great deal of time, however, and was deemed unnecessary-  as 
it- would not have led to more practically realistic results.    No practical 
amplifier can be expected to have the  advantage of such ambient, temperature 
concrcl,   and consequently all measurements were made at the prevailing room 
temperature.    The temperature within the core and in its immediate vicinity 
was,   of course,  influenced by the heating of the core,  and thus an operating 
amplifier somewhat tends to establish its own ambient conditions.    All results 
to follow (except where specifically noted) are based on tests in which suf- 
ficient time was allowed between readings for practically complete attenuation 
of all heating transients.    When a set of hysteresis loops is taken under such 
conditions, as shown in the oscillographs  of Fig. MRI-13360-a,  it is noted that 
the locus of the endpoints of the loops, which is the a-c mean magnetization 
curve,  displays a slight downward slope for large saturation.    This anomaly can 
be most easily explained by supposing that the saturation flux density for the 
cores under test decreases vith increasing temperature, at least in the range 
in which the testing was done.    This hypothesis is supported by tne evidence 
contained in Fig. MKE-13360-b which shows loops with relatively extensive upper 
branches taken under two different temperature conditions.    The longer loop 
was photographed as  soon as possible after the initial excit*-.. vc.i of the core, 
the shorted after disappearance of the heating transient.    The decrease in B8 
is clearly visible.    Also noticeable is a decrease in the permeability (ordinary 
as well as differential)  over considerable portions of the loop. 

The above-mentioned heating transients make themselves felt in the 
following manners    When a source of power is connected to the winding on the 
core,   the initially cold core material is heated (primarily)  by hysteresis 
losses.    For the cor*? tested, the permeability decreases as a result thereofj 
roughly 3peaking, the "reactance" of the coil drops,  and consequently the cur- 
rent drawn from the source increases.    Actually the current wave is nonsinusoi- 
dal, of course,  and the increase in,   say,   its rms value is due mainly to sn 
extension of its peaks.    This is particularly true when the flux excursions 
impressed upon the cold core are almost large enough to bring it into satura- 
tion.    As the core heats up and its Bj, drops accordingly,  saturation will ac- 
tually be accomplished while the supply voltage reaains unchanged.    This ex- 
plains the incioaaod peaking of the current wave.    The point is illustrated by 
Figs. MRE-13360-c and d, which show loops and current waves for the cold and 
hot states, respectively. 

The current in rms values may be plotted as a function of time; this 
was done for a given core for a number of different values of initial current. 
The graph is shown in Fig. MSI-13361, which also includes the variation of 
temperature in the immediate vicinity of the  core  (as measured with a mercury 
thermometer)  in its time-dependence.    The curves resemble exponentials;  the 
steady-state value and the initial slope are both functions of the Initial 
current value,  but the time required for the transient to damp out seems to be 
nearly constant for all curves.    The largest initial current values lead to the 
largest differences between initial and final states.    This is to be expected 
since large currents iti€»an large flux excursions and therefore large hysteresis 
loss. 



R-329-53, FIB-26S 33 

The curves shown contain breaks which indicate reductions in supply 
voltage of such magnitude that the current was caused to return to its initial 
value.  It will be noted thai- portions of the carve following the breaks are 
nearly horizontal and show that the preliminary heating period has led tc a 
Stabilisation of ths core characteristics, and to a temperature equilibrium. 

It is possible for the Indicated processes to become cumulative, 
leading finally to enough temperature rise in the core to cau3e its lapse into 
the paramagnetic region. Such action was observed by experimenters at Princeton 
University^ who found it necessary to an air-blower to reduce the ambient tem- 
perature to safe valu«3. 

One of the advantages of magnetic amplifiers sometimes cited in the 
literature is their readiness to reach full operating conditions TSTJ quickly 
because no warm-up period is needed. Putting aside the question of electronic 
power supplies for the moment, the same statement can still be made with regard 
to ferrite-cored amplifiers but must be modified by saying that a temperature 
stabilization period is needed. Electronic equipment, however, also requires 
time, sometimes many minutes or even hours, to stabilize and eliminate tempera- 
ture drifts, so that this factor is not a serious obstacle to the practical use 
of magnetic amplifiers in place of electronic devices. Under certain critical 
conditions, it may be found advisable to stabilize the external electrical 
characteristics of the amplifier by suitable thermostatic temperature control. 

The temperature dependence, incidentally, suggests the possible use 
of ferrite cores as the sensing devices of thermostat elements. 

Still another rather undesirable property of the ferrite materials 
is their high coercive force h^ which varies from about 0.5 oersted to pearly 
5 oersted for commercially available bodies5U and is thus five to a hundred 
times larger than the normally observed values for sensitive metals.55 This 
leads to large values of magnetizing or exciting current I0, and makes the 
mlntwaa currents possible with ferrite-cored amplifiers correspondingly large. 
It also drains all power from the previously realistic substitution of the 
saturation curve for the hysteresis loop which was used in Chapter II to sake 
amplifier performance amenable to analysis. In the author's opinion, all per- 
formance calculations upon ferrite-cored amplifiers must be based upon the loop 
its»3f, and this is possible, though unwieldy^ for the case of d-c signal.56 

53 

5li 

55 

56 

Princeton University. 

Snyder, Albers-8cnoenberg and Goldsmith, op.  cit. 

Compare figures given in the publication of the preceding reference and 
those given in Properties of Deltamax, U-79 Mo - Permalloy, Supermalloy, 
Bulletin TO-101,  August 157~1951, The Arnold Engineering Company, Hsrengo, 
Illinois, 

A point-by-point solution could be required and numerical or machine cal- 
culation would be necese&ry. 
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In the case of a-o signal..   Lb'r- difficulties have =o fe_r been found rniBur-" 
mountabla.    A more complete discussion of the problem follows later in the 
chapter. 

In spite of all their defects,  however,  ferrites are the only materi- 
als now known to exhibit ferromagnetic properties sufficiently good to allow 
a^turabla reactor operation at frequencies in the vicinity of 100 mc.    And so, 
although thinly laminated strip*wound cores may eventually dominate the field 
in the audio band,  ferrites will almost certainly hold unquestioned supremacy 
in any development of radio-frequency magnetic amplifiers. 

(2)    The Rectifiers 

In Chapter II  the conclusion was reached that interelectrode capaci- 
tance made selenium rectifiers usele?? st frequencies over  a few kilocycles, 
and further,,  that vacuum diodes were not desirable for practical applications. 
What has been said about selenium plates applies of course in a large measure 
to copper oxide and sulphide rectifiers.     (Recently units made up of very thin 
selenium plates have appeared on the market*  and it is claimed that they may be 
employed up to 200 kc    But the high-frequency response has been obtained at 
the cost of current capacity — the ratings of these rectifiers are about 500 
microamperes.)    At the present time the only remaining alternative is the use 
of germanium diodes, which,   at least in the point contact form,  are very simi- 
lar to the crystal detectors used in the early days of radio.    A typical cell 
consists of a tiny disc of metallic germanium ( which is a semiconductor)  and 
of a "cat's whisker" ending in a sharp point which is placed in contact with 
the germanium,,    The entire assembly is housed in a small ceramic or plastic 
cylinder, which may be about 1/2 inch long and 3/16 inch in diameter.    The self- 
capacitance of such a usit is shout I nanf, which ir  y^gii   enough to permit it 
to rectify fairly efficiently even in the microwave region.    Unfortunately,   the 
forward resistance is about 200 ohms.    The following data are given u/ Xemtron 
Electron Products, Inc., whose diodes were used for most of the e xperiraental 
work.    The figures refe*   to the popular  type IN3i* diod&i  and are given for 25°C. 

Min    Forward Car-rent at +3  7. 
Max,  Inverse  Current at -10 V. 
Max.  Average Rectified Current 
Max.  Peak Rectified Current 
Max. D- C Inverse Voltage 
FaaK. D-C luVtuS** Voltage 
Shunt Capacitance 
Temperature Rang* -U0«>0. 
Average Lire Over  10,000 Hours 

5.0 Ma. 
0.0.50 Ma, 

U0 Ma. 
150 Ma. 

<S0 ifolts 
irf TV-T 4. -, 
1.' *\J:  •_»?» 

1 mmf e 
vc. +75°C. 

In most important respect'?0 these diodes may be seen tc be quite 
adequate for magnetic  amplifier  applications.    The reverse resistance  is high4 

being about 200,000 ohmsj  the self-capacitance is smallj  the reverse voltage 
that may safely be applied i-:> at>out twice as _!•»?»« as for selenium rectifiers \ 
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and their life expectancy is far larger than that of hot-cathode vacuum diodes. 
Only their very high forward resistance makes them less than ideal for magne- 
tic amplifier applications,,    It. is possible of course to use several diodes in 
parallel, but this tends  to be a rather wasteful measure unless the parallel- 
ing is also necessary for reasons of current capacity.    It is felt that the 
solution lias rather in designing the amplifier in ?uch a manner that the recti- 
fier resistance becomes negligible in <"omparison with the useful load resistance. 

A Junction-type germanium rectifier^'  recently announced by the 
General Electric Company deserves mention.    It has a low forward and high re- 
verse resistance characteristic, but a relatively high shuni capacitance and a 
strong temperature sensitivity.    According to the manufacture,  the maximum 
operating frequency is 50 kc      It may prove of value in the development of 
audio-amplifiers in cases where the main requirement is large power output and 
fidelity is  a relatively subordinate issue»    In such an application, a carrier 
frequency of 50 or even 2$ kc may be found sufficient, and ths Q. E. "power 
rectifier* might be used to advantage. 

The use of the ferrlte materials, hardly to be considered sensitive, 
seems to make rectifier leakage less injurious to amplifier gain than high 
forward resistance„    It is impossible to  turn this state of affairs into an 
advantage as long &s  the point-contact rectifier is used,  but nothing bett«r 
is available at the present time. 

(3)    The Power Supply 

The analysis given in Chapter II has shown that the presence of any 
internal supply impedance whatsoever is detrimental to the good performance of 
conventional types of magnetic amplifiers.    This fact should be kept firmly in 
mind in the process of developing high-frequency amplifiers,  for,  »hen electri- 
cal engineers require high-frequency power supplies,  nowadays they almost in- 
evitably reach for vacuum=tube amplifiers or oscillators.    These,  to be sure, 
have the advantages of convenience,  low cost, ready availability,  and, usually, 
simplicity and wide range of control}  but they are, broadly speaking, all 
medium to hi^h output* •imsed&n&e dsv'C'js      *^heir volt^^s output is    however    in 
generalt  quite  lcw„    For units employing mainly receiving-type tubes the range 
may be from fractions of  a veil to a few hundred voits,  and even with trans- 
mitting  tubes the output will usually not exceed a few thousand volts.    Because 
of the wealth of different units that may be purchased or specifically built to 
satisfy certain needss  no more precise figures can be given when the general 

voltage will be discussed in the section on design considerations. 

57 Announced at the 1952 Winter Meeting of AIEE at the presentation of a 
conference paper entitled A New Germanium Power Rectifier by F.  J. Lingel. 
Characteristics given on a~da£a sneet available from 0. E. 



[ ; 

R-329-53, PI3-260 36 

It la, uf course, possible to lower the internal impedance of a 
vacuum-tube supply to as small a value as is desired by aiy of several tech- 
niques. Most simply, resistors or capacitors may be shunted across the out- 
put terminals. The load will then see not the internal supply impedance it- 
self, but the equivalent impedance of the parrllel combination, which can, 
of course, be made arbitrarily low. The obvious disadvantage of this schema 
is that available load power is reduced simultaneously with supply impedance. 
In view of the already low overall economy of  electronic systems, so high a 
price cannot be paid if any practical application is contemplated: 

A second method is the use of several cathode-follower stages in 
parallel as the output device. The internal impedance can be r educed by proper 
design to a few ohms or even to fractions of an ohm, but the resultant com- 
plexity and cost of the supply does not constitute a practical solution. This 
system has been used for purely experimental work and there proven of some 
value. 

A suitable feedback technique may also b6 employed, but the output 
voltage is again affected in the same direction us the impedance. 

It seems impossible to escape the conclusion that the intrinsically 
high output impedance of vacuum-tube devices cannot be sufficiently lowered 
by any practically satisfactory method. There is yet another aspect to the 
case against electronic supplies. Not only does their very presence near the 
magnetic amplifier reintroduce that dangerous vulnerability and fragility which 
the use of the magnetic amplifier is intended to eliminate, but (this applies 
especially to amplifiers) also makes the magnetic device totally and ludicrously 
unnecessary. The vacuum-tube amplifier needed to properly supply a given mag- 
netic amplifier has to have a larger power rating and ten times the frequency 
range -- it can do a far better lob of amplification and requires no subsequent 
demodulation of the output as does the maguoLic amplifier. The practical value 
of such a combination is less than that of the vacuum-tube amplifier itself; 
the magnetic amplifier under such conditions is worse than useless. 

The author has found only a single passage in the literature which 
conveys an understanding of this problem. In the concise language of J. K, 
Manleyt5>8 

An ideal magnetic amplifier is effective at any fre- 
quency. Limitations on values of frequency which can be 
used in a practical magnetic amplifier may arise from con- 
siderations of the carrier source and from the fact of core 
losses. If the carrier frequency is such as to require vacuum 
tubes for the generator of aifficient carrier power,, then for 
some applications the advantage or the magnetic amplifier is 
nullified. 

Manley, o£. cit. 
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Th6 following criterion is now proposed in an effort to summarize 
the above conclusions and to establish a guidepest in the search for more 
useful typos of power supplies*    If a given power supply is,, or can rsadily 
be converted intof   an amplifier aS~tHe frequency~ai which* operation of the 
magnetic amplifier is ronta.'sp2ii:.gd>  then im ua« &a a carrier source can be 
justified on only one Basisj namely, lnat~8irauItaneo-q3 operation of a number 
of wagnwtjc amplifier channels "is intended,  and realizable by^Tse of thaT 
supply.    Only mul!,i~cheiiEcr~operation will enhance the orTgihal'usefulneas of 
the supply. 

Two classes of supplies can be found which satisfy the above criterion, 
and these are (1)   sources which are basically not amplifiers,  i.e., principally 
generators,   and (2)  "nearly perfect" constant-voltage or constant-current 
sourceso    Evidantly,  the two classes overlap in important. Instances,    f^ulti- 
channel operation is possible only with the second class of supply,  for, unless 
the internal supply impedance is either very small or very large,  coupling 
through the supply cannot be eliminated.    If coupling occurs,  the amplifiers 
in the various channels can no longer accurately respond to their input sig- 
nals. 

The objection might be raised at  this point that it was previously 
shown that magnetic amplifiers cannot operate at all from constant-current 
sourcesJ    This is true for all conventional  circuits, which are specifically 
suited for use with constant-voltage supplies.    The preceding considerations, 
however,   convinced the author that it should be possible to find circuit arrange- 
ments well equipped to use with constant-cur rent supplies,  and such circuits were 
indeed found to exist.    They are described in the next chapter. 

The above criterion now makes possible the  selection of particular 
types of sources conducive to satisfactory amplifier operation.    In class 1 
(generators) there ejiAotg at the present time only the high frequency alternator, 
sometimes known as  the Alexanderson alternator,.    It is being manufactured for 
such applications as induct!en heating,  and can develop a substantial amount of 
power.    The frequency rar.ge is neesssarily limited, but 2f> kc appears to be a 
reasonable value within the useful range.    It would be entirely possible to use 
such a machine in conjunction with the 0„   Eo germanium power rectifier in sys- 
tems where large power output was required and where  frequency response could 
be sacrificed,,    Such systems would be most useful where the danger of jarring 
sensitive ears amongst the listeners is negligiblej in the public-address 
setups of military and naval installations, for example.    The low-pass charac- 
teristic common to magnetic amplifiers (see p„  £f>) would lead to a preferential 
amp A.1. AX cation c±   the iO* harmonics j thus a pleasingly masculine quality should 
be imparted to the voices of first sergeants and others using the sy?*4MBu 

For the sake of completeness,   a type of generator should be listed 
which has been studied experiinentally and from time  to time discussed in the 
literature, but which is not too likely to become practically important,,    This 
device is the electrostatic generator-    Experimental results ahow that it is 
almost a true current source over wide ranges of operation.    In the past0 
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experimental models have been built cf materials with the  lew dielectric- con- 
stants of ordinary insulators,  as for example„  glass^    Recent development of 
ceramics with dielectric constants  thousands of times Isrgsr may boost interest 
in this type of machine,  and eventually perhaps rcake it practical.    Most of the 
literature on this subject is in French,  and no active work  seems to b* going 
on at, the present tiiae- 

In class 2  only a single device is at the present time readily avail- 
able,  and that is a vacuum-tut>e  supply utilizing pentodes in the output stage 
to yield ve»-y high output uiipudance=    There is,  however,   considerable promise 
of future development,    A continuous-control gas tube named HPlasmatron"39 has 
recently been announced by RCA>  this may make possible the  construction of low- 
output-impedance oscillators.    Some of the characteristics of this tube are 
listed in Appendix III.    Considerable-,  though sceptical, interest exists in the 
magnetic oscillator, which has not,   as yet;  been developed.    It may prove to be 
essentially a constant-voltage  source.    Magnetic frequency-multipliers exist, 
but are not yet available in practical and efficient forms for high multiplica- 
tion ratios.    Finally,  it is conceivable that high-power transistor oscillators 
will eventually be  developed;.    Thess will  probably be  constant-current sources. 

The  above data on supply impedance were not known to  the author when 
the experimental work was initiated, and were discovered only because a stand- 
ard audio-amplifier with relatively (but not very) high internal impedance was 
used as a power source.    Resultant failure to obtain satisfactory magnetic 
?T*!pllfier performance  actually initiated the  investigation which  led to the 
above results.    It was then recognized that continued use of that supply was 
incompatible with good performance.    Nevertheless, the author completed his 
experimental work without changing the carrier source on the basis that opera- 
tion from constant voltage sources was quite well established and adequately 
described in the literature, while operation from high-impedance sources had 
apparently never been reported.    The impedance characteristics of the  audio~ 
amplifier were observed by varying load resistance connected directly across 
the  terminals and recording  the load current.    When the relation between load 
resistance and load current Is plotted,  the curves of Fig. MBI- 13362 are ob- 
tained.    For comparison.,  a curve  corresponding to a -constsnt^voltage  source 
and one  for  a constant-current source are  sketched in.    It will  be  noted that 
the curves follow neither trend.     (As an experiment,  a curve for constant power 
output was computed and plotted alongside the observed ones.    It was found to 
approach them very closely over a large range of loads.    The explanation lies 
in the characteristic? of  loads  and generators matched  for maximum power trans- 
fer.    The characteristic curve is quite fist pear its maximum point.    For ex- 
ample,   "if the apparent load resistance RT,,  differs from the generator resis- 
tance RQ by a factor as great as 3 to I,  the power delivered tc the load is 

59 
The  Plasmatron, A Continuously Controllable ("»AS Discharge Pevelepmental 
Tube,,  E/bT'Jonnson andlT.' M. Webs{ef "Proc.IRE" VOTT hO, HO.  O^ June 
¥?&, pp. 6US"6$9. 
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stiii  three--fcux t-ha of  the  maximum possible  value".-""} 

By assuming  the  generator  Impedance tc be purely re:rl stive and the. 
internal  voltage  source   tc be  a constant.,   two points on any ow?  of t.he ob- 
served curves may be used tc computo a value of generator resistance averaged 
over the intervaj   which separates those points.,    it is found that this vaJue 
varies with the  amount of power output, the load resistance,  and t he frequency 
of operation„    J.'or the normal operating region it is in the order of 300 ohms. 

(U)    Capacitors 

The problems created by the presence of capacitance are even less 
veil defined than for  the power  frequency amplifier.     (See p.,  2U„)    Hera not 
only lumped  capacitance purposely inserted into  the circuit may affect  the 
cperati_on; but distributed capacitance may make its presence felt in the upper 
part of the frequency range studied.    If chokes  are us6d to constrain the am- 
plifier « these must be selected to have low values of distributed capacitance 
in the windings-.     (A choke rated at  8 henrya was used in  some  tests tc "con- 
strain*  the d«-C control winding of  a half wave  circuit, until it was noticed 
that unduly high induced currents were flowing.     A 60 vh choke was substituted 
and found to be far more effective.)    Capacitive  tuning can be used tc increase 
amplifier gain> this is readily accomplished at high frequencies because the 
necessary condensers are much smaller and cheaper than those needed at power 
frequencies.    Because the use of ferrit© materials> high~resistance rectifiers, 
and high-impedance supplies yields amplifiers with inherently low gain?  capaci- 
tive tuning may become  an important device to improve performance in practical 
applications.    Data given in the chapter on experimental results show that 
fairly high gains can be achieved,   and instability can be induced. 

The high dielectric  constant of  fe.-rite3 deserves mention..     In con- 
junction with  the  high permeability,  this  property makes for very slow propa- 
gation of electromagnetic waves in a ferrlte medium.    The velocity of propaga- 
tion is in f.he order of 30.0C0 kilometers per  second,,   or about 10 times as 
slow as in vacuum."1    Since  the losses of some mixtures  are sufficiently small 
to  permit use  above  100 mc,   application as delay lines  is possible., 

Breakdewn of Convejitlona.l__Analy_tieal Methods 

The  amplifier analyaaa piosent-d in Chapter IT   are predicated upon 
(1)  the substitution of  a single-valued magnetization curvs for the hysteresis 
loop,  and {'d)  neglect of all core losses and secondary ferromagneti: charac- 
teristics.     In the case of +he  audio-frequency amplifier  (especi ally when 

60 

61 

Magnetic Circuits, op. cit. 

Snydo.rv  Albert Schcenberg    and Goldsmith,  op.   cit. 
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ferrite-cored) be th assumption?   :e-a*<"« *c  be real Istlo.    The large coercive 
force of fe.rr-"e,=>  ip,  3";.)  dcei   not,    m the  authors  opinicnt  permit the  con- 
traction of  the  loop mtc a single  1:   <j;  or the  farther assumption that 
current during fl.ux-buj.ldup is negligibly smai i   (p..  jit).    While eddy-current 
losses  can  still be neglected when ferrites  are  uaea in  the  frequency range 
under discussion, hysteresis  'esses  snouJd be accounted  for by any analysis 
intended for practical  u-e„    Finally^   the temperature dependence or core 
character!•st--'.ss is net negligible. 

If  the  nature of  the  carrier supply furthermore necessitates the 
introduction of  an  internal   supply Impedance  into the  equations.,   the analysis 
becomes even uiur-t- hOpple^j'Zy  Lmmai,eg*3bl9a 

It is possible  to arjaiysei  the operation of  the ciogls-core saturable 
reactor  with a--,  signal  (as described in Chapter II,   Eqs.  (la),   (2a),  and 
(3a)),  under  the  assumption of  an actual  hysteresis  icop or  a line-segment 
loop^  such  as  shewn in P~.g-  MRT-13352-a      The procedure is  lengthy and labori- 
ous.    The results do not  Jiiftif^ the amount of work involved,  for d-c con- 
trolled amplifiers  can be.   and are,  operated at power frequenciess  where the 
ideal analysis yields entirely adaQia+e results.    The next  step Is th6 sub- 
stitution of a sinusoidal   control   current for the dire it  current control.    The 
analysis for this case   cannot, be carried to completion,,    A suitable choice of 
initial condition3.  it was found,   permits mathematical   calculation of opera- 
tion over only about one  cycle of  the   carrier voltage.    The complete descrip» 
+ -<^„      „P     ^ic— *•„—.„. o— --      ,,~.-'.  -} ^f      -~„,~^rr. r r-  - .- r> .-  >. -r o * /-       -VWr>      a-*-* *•• *,«%^ ^ ^     ^ ?     -fK<»     onf»Tw.4« 

to a full cycle of the  signal voltage* which has a period ten or more times 
greater than  th«   sarrier voxtagew 

The mathematics for the a•-c  controlled saturable reactor with line^ 
segment hysteresis  »00p$  internal supply resistance3  and noaneeligible leakage 
reactance were  worked vui in 3um« do tail.    The  lower right hand corner of the 
loop was  chosen as the  starting point   (t - 0).  on the  supposition that at  some 
time both carrier and signal currents would simultaruously pass throagh *ero 
in a positively increasing direction.    The equations were solved for 11-* right- 
hand ascending portion, of th« loop 3.   and for the region of saturations     The be- 
ginning of flute decay was studied,   and it was found possible to follow ait the 
passage of  the   instantaneous operating point  to  its  lowest  position on the 
hysteresi?  Icop taken on during  that cycle  of  the  carrier frequency.    It then 
became necessary to   :hocae  a pate of furthex  progress of  the operating point, 
for it became clear  that   the  large  symmetrical nysteresi* locp would no longer 
be followed„    A practical solution to this problem has not yel. been found. 

i 
I In an attempt to answer  the question   an oscillographic studv  wan 
, made of the hysteresis  loops resulting from application of an a-c signal to 

(I) the single   lore saturable reactor circuit.,  and (2)  the half-wave circuit. 
i The  clear presenrarion of  these   loops was made possible by use of the  carrier^ 

to-signal synchroniser mentioned in the equipment J.; at  (p.  U).    It is believed 
that complex hysteresis  Ic-cpi* of   this nature have net before  been reproduced 
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in the literature,, and eight, examples are accordingly shown in Fig. KRI~13363° 
In view of the comments late- made In the section on measurement problems, 
these loops should not be zor.-iidered as constituting sound quantitative evi- 
dence a? to cere cehavirr under conditions <.-f a-e control, but they are quali- 
tatively Informative and nave the force of novelty 

A ;«tudy of the full collection of loops indicates that the locus of 
the instantaneous aerating point depends upon frequency and amplitude ratios 
of carrier and signal field intensities, upon the presence and magnitude of 
feedback and bias, and upon the carrier and signal wave forms. Magnetic data 
would have to be available for each separate combination of these indepsndent 
variables for which analysis was desired; thi? need for individual experimental 
results eliminates the usefuinejss of farther analysis which, in any case, could 
ther. be carried out only for the specific oases for which the test results were 
already known. 

TK' jrce*'1 ruHly- mm V.oned temperature dependence of the cores intro- 
duces still another variation. The complexity of the full practical audio- 
frequency magnetic amplifier problem places unsurmcuntable obstacles in the 
path of any analysis' the problems that can be solved without the use of mechan- 
ical or analogue computatic-r. methods are ba5>ed on assumptions too unrealistically 
severe to have any practical value in this case. Recourse must be had to ex= 
perlment. 

Measurement Problems 

Unfortunately., in some respects even the best instruments now on the 
market do not permit the perfection of an experimental technique sufficiently 
sound to yield one qui^c; ally meaningful results.  Amongst the most significant 
measurements that can be performed are observations of wave shapes of the 
various currents, voltages? and fluxes,, and of hysteresis loops. When a pro- 
perly calibrated o^ciliosccpc- Is Died to observe these quantities, direct 
calculations can bt= made to obtain measures of the amplifier performance and 
the significant ferromagnetic properties of the cere, and to give an immediate 
check against * he results of theoretical analysis. The osciiiographic techni- 
que is simple., convenient, and powerful, but li is essential that greatest care 
be taken to maintain the accuracy of observation. 

The hysteresis loop, as observed in the -scope screen, must of course 
be inherently in error because of the effects of eddy currents; but if this 
method of presentation 1 s nevertheless adopted because of its speed and sirapli- 
caty, it is vital '.hat additional errors due to equipment deficiencies be kept 
to a minimum.  Consider * Me ;are must be exercised even when core excitation is 
supplied at. 60 cycles..  A recent paper by H. W. Lord^ sets up minimum standards 

Dynam.15 Hysteresis loop Msasurlng Eqvupment, H. V. Lord, Electrical En- 
jgneering, fclT'?!;, No.' &"(, JtoaaT9J>2) pp. $I8-S>21. 
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for what shall be deemed satisfactory measuring equipment. Lord's criteria 
are perhaps more conservative than is really necessary; they have also been 
criticised on the basis that the symmetrical hysteresis loop (towards the 
raeasurair.<»nt of which he has primarily directed his attention) is quite useless 
as a starting point for performance calculations of ihe important half-wave 
circuit and its derivatives, fhese calculations, it is maintained,63 are more 
accurately carried out by use of a "control magnetisation" curve which can be 
accurately measured by use of equipment somewhat less accurate than Lord's 
criteria demand. Other influences, such as excessive rapidity of core magne- 
tisation,^ may also serve to nullify his contention that a Lissejous figure 
observed under the precautions stated "truly represents the dynamic hysteresis 
loop of the specimen under the conditions imposed by the test circuit".°5 
Although thsy certainly do not bring perfect assurance of reliability, Mr. Lord's 
criteria at least partially fulfill a manifest need for greater standardisation 
and precision in the accumulation of magnetic data, and, in the absence of 
better standards, will be used in evaluating the equipment used by the author. 

The most pertinent of Lord's specifications are that (1) each stage 
of the "H" axis amplifier (three stages are assumed) shall have less than U5 
degrees of phase shift at a high frequency of 250 times test frequency, (2) the 
integrating circuit have a phase angle of 89.75 to 90 degrees at the operating 
frequency if only a single R-C integrator is used, (3) each stage of the "B" 
axis amplifier shall have less than U5 degrees phase uhift at 100 times test 
frequency, and (M that the "maximum distortion in the voltage wave induced by 
the flux wave should not exceed 10 per cent. This included distortion due to 
the power source and all series resistance in the excitation circuit". 

The use of the high-impedance electronic power source in the experi- 
mental work of course precluded any possibility of meeting the fourth require- 
ment. As the carrier frequency was in most cases about 100 KC, Lord's criteria 
(it is implicitly assumed that they are applicable in this range of frequency) 
demand that the upper half-power point of each stage of the oscilloscope "H* 
amplifier shall occur at about 25 MC, and of each stage of the "B" amplifier 
at 10 MC. A •scope satisfying such requirements is practically, if not actually, 
unobtainable today. One of the best wide-band oscilloscopes commercially 
available at this time, a Tektronix Model 511 A was used. The manufacturer 
claims the following high-frequency performancet 

Vertical Amplifier Band Width! 2 stages, down 3 db (Max.) 
(from 1 rac response) at 5 cps and 8 mc 

Horisontal Amplifier Band Width: DC to 800 KC (3 db down 
at 800 KC) 

Lehmann, op. cit. 

t\. 
*** ji22 Developments in Farrogagnstic M&tsrials, J. L. Shoek, Appendix II, 

Elsevier Publishing Company, Inc., N. T., Amsterdam, 19U7. 

65 
Lord, 0£. cit. 
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It must be admitted therefore that the magnetic ireasurements reported in thi8 
thesis are  correct only  tc  a first order of  approximation,, 

The magnetic  data presented should be  taxen  "with  a grain of salt" 
for still another reason.    Even t.hr  best    scopes on the market sometimes in- 
clude sources of phase shift not directly related to the amplifiers  themselves. 
It may be impossible  to remove such phase shift without extensive and other- 
wise unwarranted circui'.- alternations,  and external corrective networks may 
constitute  a poor  solution unless-  complete data to aid in their design are 
available.     Even then;  they m»y not be applicable in certain experimental work 
because they may introduce exce? sive attenuation of the signal to be displayed. 
For example,   the horizontal  a   *«nuation potentiometer of the Tektronix 'scope 
used by the author introduced so much phase shift into the  "H* signal that a 
loop of normal appearance  could be obtained at only one  setting or the  "pot". 
It is not claimed that  the loop was correct;  only that it had the most "reason- 
able shape"  amongst the many forms of Lissajous patterns that would result 
simply by turning  the horizontal attenuation knob.    In essence, it must be 
granted that with existing high-grade laboratory instruments only very appro- 
ximate measurements of magnetic data are possible  in the frequency range under 
consideration,   and that  the data obtained depend in  a large measure not upon 
the technical  ability,  but upon  the discretion  of  the experimenter. 

Needless to say, great care must be otherwise exercised in assembling 
the measurement circuitry. Wire-wound pots should be entirely avoided, and the 
system must be thoroughly grounded and the effects of stray capacitance held to 
a minimum.    It is of course essential to make correctly polarized connections. 

The effects of several  minor sources of  error upon loop shape are 
illustrated in the oscillograms of Fig.  MRI-1336u•    Part (e)  and (f)  show loops 
obtained during application of a-c signal.     Fig.  MRI-1336Vf was obtained under 
magnetic conditions identical with thoce of Fig. MRI-13363-c.    Because of the 
complexity of these loops-,  it  is not immediately apparent  that they are also 
erroneous.    The error was introduced by using for the  "H" deflection a signal 
proportional only to the  carrier current.    When a«c signal is used*  the totrl 
field intensity in the  core is,  cf course,  dues  to the  superposition of the -mf's 
of carrier and signal  windings,.    The voltage applied to the "H"  input terrai-uals 
should,   therefore, be proportional to K?IC • NSIS.    (It is assumed that no feed- 
back or bias windings exist;  if  any are present,   they may have to be  similarly 
accounted for.)    This is not,  however, readily accomplished with simple cir- 
cui tryj  if a resistor is used tc mix the carrier and signal current? *nd provide 
a voltage proportional to their sum,  then the results will be accurate only for 
the special case of unity turns-ratio between carrier and signal windings.    The 
Ioop3 shown in Figo MHT 1336U were taken, for a core wound with 75  carrier turns 
and 120 signal turns.    The residual  zzixst co introduced was  considered accept- 
able, because,  at any rate, the measurements were expected to yield only quali- 
tative results. 
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Design Considerations 

(1) Influence of Frequency Upon Reactor Dimensions- 

(It is assumed in the following discussion that the reader is ac- 
quainted^ at least in a general way, with the range of sizes in which power- 
frequency reactors are built for some of the common applications.) 

Let us assume that a reactor core with a cross-sectional area of 
1 sq. in, and a mean length of 7-5 inches is to be incorporated into a half- 
wave circuit. Take the saturation flux density as Hi kilogausses, which is 
close to the value given for Dsltamax.°" The reactor is to be able to with- 
stand $0 rms volts without saturating. Use of the transformer equation 

Q 

E, . - U.UU f N A B 10" volts 
lnd 

yield; the result that N snouid be about 125 turns at an assumed frequency of 
100 c.p.s. Now allow the supposition that the core and rectifier characteris- 
tics are so ideal that use at 100 KC is practical, and let the frequency be 
increased to that value while the core dimensions, the winding, and all other 
circuit parameters are held constant. If the rms voltage needed to saturate 
the core is now calculated, a value of 50,000 volts is obtained. Evidently a 
reduction must be made in one or more of the quantities N, A; B., to bring the 
necessary supply voltage down to some reasonable value, say. 50 volts. If 
only the core area be reduced, the resulting core will have a cross-sectional 
areu of 0.001 sq. in. Before adopting this alternative let us, however, study 
the effect of such a step upon the inductance of the core, 

A rule-of-thumb useful in designing magnetic amplifiers is that, for 
minimum acceptable performance, the unsaturated reactance of the reactor shall 
be at least 6 times the value of the load resistance, and its saturated re- 
actance shall be less than l/6 of the load resistance. For our purposes, the 
approximate formula for the d-c inductance of a toroid of rectangular cross~ 
section 

will be a sufficiently accurate guide. The formula informs us that a reduc- 
tion in are» and a simultaneous increase in frequency, both by a factor of 
1000, will not affect the ratio of unsaturated (or saturated) reactance to 
load resistance,, The ideal core that was postulated can be adapted to high 
frequency operation merely by stripping away 999/1000 of the core. 

66 
Bulletin TC-1C1, Arnold Engineering Co. 
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In the practical case, increase of frequency will adversely affect 
the permeability and increase the core losses. As long as the core material 
is not changed, the use of sufficiently thin laminations and reduction of the 
mean length, and therefore the raeax diameter, of the core will partially off- 
set the effects of increased frequency. A recent development along this line 
is a strip-wound core of a sensitive metal allcyy consisting of a few turns of 
narrow 1/8 mil strip wound on a ceramic coil-form. The mean diameter is in 
the order of 1/8 incb„ 

If, however, as was done by the author, ferrite bodies are chosen 
because of their high resistivity, a further reduction in permeability must 
bs accepted, and the values obtained are only one-tenth to one-fiftieth of 
those possible with sensitive metals.°7 Moreover, the processing necessary in 
their manufacture establishes a lower limit to the cross-sectional area. It 
is, therefore, indeed fortunate that ferrite cores saturate at flux densities 
two to ten times smaller than the sensitive metal alloys.68 However, a well 
designed ferrite core intended for use at 100 KC will still be only a few 
one-hundreths of a square inch in cross-sectional area, and will have a mean 
diameter of l/2 inch or less. Few, if any, cores of that siss arc now commsr= 
cially available;  Appendix II includes an example of the calculation of pro- 
per core dimensions. 

(2) Constraining the High-Frequency Amplifier, 

This subject has been previously mentioned only in the introductory 
remarks of Chapter I and briefly in the present Chapter when it was mentioned 
that the chokes used to constrain any d-c windings must be carefully chosen 
for low distributed capacitance. Sinee the audio-frequency magnetic amplifier 
has two or more sources of applied a-c with, possibly, widely different fre- 
quencies, and mutual coupling exists between all windings and their circuits, 
the subject is of considerable importance. The discussion appears in this re- 
latively subordinate position because, at the time of this writing; the subject 
has not been adequately studied, and no solid evidence has been collected. 
Only certain suggestions, which appear plausible to the author, will be offered. 

It is clear that circulation of induced currents in anjr one of the 
windings will bring about the case known as free magnetization. If con- 
strained magnetisation is to be maintained, the flow of Induced currents at 
the carrier frequency and at any signal frequency must be blocked in all 
windings.  Perhaps it is necessary at this point to enlarge somewhat the con- 
u*pl of constrained magnetization. 

3 
1 

Compare data given by Snyder- Albers-Schoenberg and Goldsmith, with those 
given in the preceding reference. 

Refer to the same two publications. 
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The proper job of an amplifier is to produce at ita output terminals 
an enlarged and faithful reproduction of the quantity applied to its input, and 
to draw the energy required to accomplish this from a reservoir or supply while 
reacting back upon the input to the least possible degree. In the magnetic 
amplifier, therefore, the signal frequency component of load current should be 
the result of nonlinear reactance modulation, and not of transformer action. 
From that viewpoint, only an amplifier circuit in which the sum of the powers 
transformed from the signal winding into all other windings is negligibly small 
should be considered as adequately constrained. Furthermore, to complete the 
desired isolation of the signal circuit, the circulation of induced currents 
at the carrier frequency must, as is true for the constrained case with d-c 
signal, be prevGnted there (in the signal circuit). When these restrictions 
are complied with, it is not clear what significance the free magnetization 
case retains. 

In practice it i3 very difficult to realize complete amplifier con- 
straint. Any d~c bias circuits do not present much of a problem — a suffi- 
ciently large inductance will adequately block the passage of currents at both 
carrier and signal frequencies, but it is an entirely different matter to ac- 
complish this end in the a-c cLrcuila.  A first step should be the choice ef 
circuits in which, by virtue of double-core arrangements, at least prevalent 
harmonics cancel each other. Then tuned reactive networks can be inserted to 
block the remaining frequency components. Proper design of these networks in- 
volves a knowledge of network synthesiSj. and sometimes unrealizably large or 
small values are obtained for the parameters needed to achieve a certain fre- 
quency characteristic. The use of lossy components will also greatly reduce 
the effectiveness of these networks. 

As an illustration, let us sketch the design of a network to be in- 
serted in the signal circuit of a magnetic audio-amplifier, to be used at 15 
KC. The carrier frequency will accordingly be about 120 KC.  Since the flow 
of signal current should find minimum opposition, a zero of the impedance is 
chosen at 15 KC. The behavior at zero frequency is immaterial, so that a pole 
may be allowed there. The simplest network will be obtained if another pole 
is chosen at infinity; only two elements will be required then. Although the 
necessary values of inductance and capacitance are readily calculated here, 
their computation becomes more difficult when a more involved impedance charac- 
teristic requires tne use of two or more network sections. 

IV.  Shunt-Fed Reactor Circuits 

The following facts were established in the last chapter;  (1) The 
conventional magnetic amplifier circuit arrangements cannot be used with con- 
stant-current sources.  (2) There now exists «t least one tyr* of high fre- 
quency power-supply which closely approximates a constant-current sourcej 
namely, vacuum-tube amplifiers or oscillators with pentodes in the output stage. 
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Other types of constant-current sources may be developed in the future.     (3) 
It is relatively difficult to make satisfactory constant-voltage supplies for 
high-frequency use. 

Taken together,  these facts constitute the main argument that the 
development of magnetic amplifier circuits adapted to use with constant-current 
sources is of practical,   and not only of academic,  importance to further pro- 
gress and success in the rsagnetic amplification of high-frequency signals.    On 
this premise several circuit arrangements so adapted were designed, and they 
are briefly described in the following paragraphs. 

The Shunt-Ted Saturable Reactor 

The requirement governing the design of these circuits was that they 
should work,  not some a priori restriction that they should be duals or equiva- 
lents of the  conventional circuits.    There were consequently no rigorous 
scientific principles to guide the choice of circuitry,  and  a process of in- 
tuitive trial and error had to be used.     It seemed plausible  to parallel load 
resistor and saturable reactor with the  constant-current supply.*   In this 
manner the single-core  shunt-fed saturable reactor circuit of Fig. HKI-1336?-* 
was arrived at.    Since an introductory,  rather than an intensive study w&s con- 
templated,  it was then decided to put aside further consideration of the  satur- 
able-reactor and external-feedback circuits and to focus attention on self- 
saturating arrangements. 

When source,  reactor, rectifier,   and load are connected into the 
conventional half-wave circuit,  the  sequence of elements is evidently incon- 
sequential,  since they are all in series.    When the load and reactor are placed 
in shunt,  however,  the rectifier may be inserted in at least four different 
places,  as shown in Figs,  MRI-13365-bj  Cj  d,   and e.    Only one of these  circuit 
arrangements,  that of Fig, MRI-13365-b,  may be written off as useless without 
further study.    In this circuiti  as in the half-wave circuit,  the rectifier 
would be required to block every other half-cycle of the current supplied by 
a constant-current source*   and vould consequently be destroyed.    At least the 
circuit of Fig»  HEI-I336$-c may be enlarged into a more useful form employing 
two reactors,   as illustrated in part (f)  of the figure. 

So far as  the  author knows,  all the  six circuit arrangements illus- 
trated are new and have not be«n previously described in the literature.    Any 
study to be made of their operation must begin with the  application of the 
fundamental principles already employed successfully in the examples of Chapter 
xi    uv   euiaxjr*!?    WiUs   o=;.ics-ieu   aftwiauie   rvatvui'   anu    o:ie>   naj.i-.oyc   vxxvUxv. 

On the premise that if, for a constant-voltage supply, control is achieved 
by varying the division of supply voltage between load and reactor; then, 
for a constant-current supply, the same end should be attainable by varying 
the division oi  supply current between these elements. 
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The circuit of Fig. MRI-13365-a has been redrawn a" Fig. ?fflI-:3366-* 
and appropriate symbols for the significant quantities hare been introduced. 
The following equations may be written when it is assumed that both load arid 
control meshes  are fed by constant-cur rant sources: 

IB sin «t    -    J • i8 (1) 

T  -   N4| (2) at 

i.-   I. <3) 

fl*_ -    Ni    •*• • I. (U) ui sec 

In addition,  an ideal core material is assumed.    Let us first 
analyze the condition of operation under the rsstrictions that Ic • 0 and 
that the core never goes into saturation.    It then follows from the assumed 
magnetization curve that H - 0, and from Eq. (U)  that i8 - 0 at all times. 
Eq.  (1)  then reduces to: 

• -    N ^    =    R I    sin at (la) 
dt m 

Integration of this equation from time tc to time t results in: 

RIm 
* - *. (cos at - cos at ) (H) u     o* ° 

Substitution of the maximum and minimum values of the flux wave in the last 
equation leads to: 

RI  r 1 

**ax-*min " " Jf [C°3 **»" ' C°S (<*«* * H) J  (5>) 

As complete symmetry exists (Ic • 0), it follows at ones that the quantity 
*m which, for the saturable reactor circuit of Chapter II was given by 
Vn/cuN, is here equal to HXm/aW. 

When some definite value of control current (lc - K) is applied, 
then the core -ill be saturated over part of the cycle} and during that time 
the following relations will hold: 

* - *aj .'. — - 0;- T - 0} H * 0 (6) 
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ig - 0 (6a) 

i «= I sis at (lb) 8   m 

That is, while the core is saturated, it acts as a short-circuit and absorbs 
the entire supply current. The analogous statement for the comrentional 
saturable reactor is that the entire supply voltage is absorbed by the reactor 
while unsaturated, when it acts as an open circuit. 

At some time t}_, core flux begins to decay. At ti, the field inten- 
sity in the core must accordingly vanish, and Eq. (h)  then yields for the 
corresponding value of reactor current: 

i_ ^ I (km) 81    N   c 

i Eqs. (Ua) and (lb) can be combined to give the following expression for the 
tlas ti: 

1 . -1 
*1 " 5 «^n n.M 

During the time the core remains unsaturated, Sq. (1) may be written ast 

R N 

Integration from time t^ to time t gives: 

-"- I sin a* • -^ I (lc) 

N c 
(*-* ) • -* (c08 ** - co» "M * R "7 Xc (*-*}) (?) 

This expression describes the flux waveshape, but can be used to solve for the 
saturation time ta by substituting <*>s for *. The solutions for ths reactor 
current and the flux waveshapes given above are sketched in Fig. MRI-13366-b 
and c; and they are of course extremely similar to the load current and flux 
waves in the conventional circuit. But while in the latter case that current 
feeds the useful load, ia is here of no practical significance. Only i^ con- 
tributes to the load power. This current may readily be computed from Eq. (1) 
and a knowledge of the reactor current wavsshaps. The save is sketched in Fig. 
MHI-13366-d, No corrsspending wavsshaps is observed in the conventional cir- 
cuit. 

It will be noted that the above development is exactly parallel in 
almost every step to the analysis of the conventional circuit given in Chapter 
II. Except for the description of the output wave form, the results are 
identical in nature. Perhaps the most significant change in the load current 
wave is that core saturation now cauaas a sharp drop to zero instead of the 
sharp rise so familiar in the operation of the conventional circuits and often 
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referred to as "firing".  The fact that the leading, rather than the trailing 
edge of the load current wave now contributes most heavily to the load power 
seems, however, to be of minor practical consequence. 

Integrating Eq. (1) over a complete cycle incidentally yields the 
result that the average value of reactor current i8 is, as for the conventional 
circuit, tero, Since the average value of the sinusoidal supply current is 
also zero, it follows that the load current must have a vanishing average value, 
too. 

It should be noted that, while the parallel combination of reactor 
and load has a constant current applied, the reactor itself is excited not by 
a constant current, but by the voltage which appears across the load while the 
reactor remains unsaturated. 

The luAxiaum value of the load current (or voltage) of course occurs 
in this case while the core remains unsaturated at all times, and therefore at 
sero value of control current. The transfer curve of this circuit is there- 
fore "upside down" in comparison with that of the conventional saturable reac- 
tor circuit. The fact that aasisus output is obtained for aero input may have 
considerable bearing on any practical application of the circuit. 

In order to test the results of the above theoretical development, 
the following circuit was set upt A constant-current source was approximated 
by connecting' a 2500-ohia resistor in series with the 110-volt, 60=cycls power 
line and limiting the values of load resistors used in the various shunt-fed 
circuits that were tested to 250 ohms or less. Tii* currant drawn from the line 
could, therefore, vary only in the ratio of 1.1 to 1, and this was considered 
sufficiently accurate for a qualitative check.  In several tests a load of only 
100 ohms was used. With such a value, only about h%  of the line voltage was 
available to saturate the core; and a small Hi Mu 80 Core was used which per- 
formed satisfactorily. This is unfortunately not too sensitive a material, 
the knee of the magnetization curve being quite round. Nevertheless, the re- 
sults of the experiments were quite closely in accord with those of the above 
ideal analysis. 

Oscillograms of the load voltage and reactor current for several 
values of control current are reproduced in Fig. MRI-13367. The sharp drop 
in load voltage (or current) that occurs at core saturation is clearly defined 
in the photographs. Otherwiso, general agreement also exists between derived 
and observtd wave shapes. Fig. MHX-I3366 is an experimental transfer curve 
taken with a two- core shunt-fed circuit. Both cores were in parallel with 
load and supply. This curve is at least qualitatively in agreement with theo- 
retical predictions* 
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Half-Wave and Full-Wave Control Circuits 

The circuit of Fig. MRI-13365-c can be readily analysed on the basis 
of the same assumptions  about reactor core and rectifier characteristics  as 
were used in the analysis of the half-was circuit in Chapter II.    The supply 
and control sources will be assumed to deliver constant currents Imsin cot and 
Ic respectively.    The circuit, with proper labeling of significant quantities 
is redrawn in Fig. MRI-13369-a.    The following equations may be written: 

(8) 

(9) 

(10) 

(11) 

I a sin usb m T —   > 
R ^ 

*c 
m I„ 

T - e    • 
X 

N   d* N dT 

HL m 
•1 NV ̂ Vc 

Substitution of (11)  in (8) yieldst 

sinat-JE   •    5 **    +1 (12) 
R R dt s 

We wish to determine, as was done for the half-wave circuit, whether the reac- 
tor current can flow continuously, or whether it must go to aero during some 
part of the cycle. Let it be assumed that is can be continuous. Because of 
the presence of the rectifier, it will then have to be continuously positive, 
and then we may write for the entire period: 

•x " *f ' l« Ef (13) 

Ifcen Bq.   (13) is inserted in  (12).  and (12)  is then integrated over a full 
period T, the result is: 

B 

0 - J. A dt • /Ti dt (Ui) 
JJ O      • 03 

which may be written as: 

<?•«   ho   -   ° (1*> 
This equation can only be satisfied if I^Q * 0. The original assumption was, 

therefore, incorrect, and over some interval, say between t0 and t^ the reac- 
tor current must take on zero values. During that interval, Eq. (11) reduces 

to: 
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Hr 1.    -    NI„ (Ha) 
0      Kl C   C 

The field intensity H0 is the minimum value of H possible '. -th the given Ic 
during ateady-state operation,  and the corresponding minima; »*lue of flux, 
*0, may be read from the magnetization curve of the given core saterial.    The 
flux remains at this minimum value until the reactor current again begins to 
increase above zero. 

During the tima is renaina at aero, Eq.  (3) yields for the load vol- 
tages 

v    -    RT    sin ait (8a) ra 

When i8 again becomes positive,  Eqs. (8)  and (13) may be combined to givet 

I    sin «t    -    i    (l • _£)    •    5.    ** (16) 
a 8 R E    dt 

Because of the steepness  of the assumed magnetisation curve,  only a negligible 
amount of reactor current flows during flux build-up;  and therefore, Eq.   (16) 
may be approximated tot 

^   ;    *   lain rt (16a) 
dt H     E 

Integrating this equation, we obtain an expression for the flux wave during 
build-up? 

(• - * )    -    •    (1 - cos art) (17) 
o in 

At some time ts the core saturates. The saturation time can be ob- 
tained by substituting *8 for * in (17), and solving the resulting form 

uA   - cos"1 !~1 - (?9 :  *°)1 ;i7a) s 

for tfl. After saturation- evidentlyi 

* - 0 
dt 

- 
- -*•— I  sin «rt/(l • m ^> 

v - 
R Rf 

U, -  — 
R*Rf 

I sin ut m 

i« * 
R     R+Rf 

I sin cot 
m 

(18) 

(19) 

(20) 

(21) 
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For sensitive materials, flux decay in the core begins very nearly at cot -  n 
! and from n to 2n therefore. 

i  - 0 
s 

iD - 1  sin «t (22) 

For good rectifiers, Rf is a small fraction of the load resistance 
R,  end may be neglected in comparison with it.    Eqs.   (19) through (21)   then 
simplify to* 

i      i    I    sin cot (19a) 
a m 

v      i    R. I    sin cat (20a) la 

ij    -    0 (21a) 

The results of the above derivation are summarized in the sketches 
of reactor current,  and load voltage waves given in Fig. MRI-13369,  parts b 
and c.    Great similarity to the conventional half-wave circuit is apparent in 
all waves,  szcept that of the load current, which instead closely resembles 
the rectifier voltage wave of the half-wave circuit.    ?^t can be cc^n fress 
Eq. (22)  that the negative half-cycles of the load current are not affected 
by the presence of the rectifier-reactor branch,  and that no control of these 
negative Alternations is,  therefore, possible.    The name  "Half-Wave Control 
Circuit" is accordingly suggested.    It follows that neither the half-cycle 
average value nor the rms value of load current can be reduced to zero,  and 
that consequently  the   transfer curve, will have  an upward shift proportional 
to the area under the negative half-cycle of the current wave if plotted in 
average values and to the rms value of the supply current if plotted in nas. 

By combining two half-wave control circuits as  in Fig. MRI-13365-f- 
it is possible to  control both half-cycles cf the current way©,   and thus to 
obtain an analogue to the conventional   "doubler" circuit.    The name  "Full-Wave 

 Control Circuit" is proposed as an adequate description of its properties. 

The aoubler circuit is generally not analyzed as  a separate problem, 
but considered as the superposition of two half-wave circuits whose load eur- 
JTtlll UO      BIT.!       bV     JJ1VO       VUC       UUU»4        I I'lW      VUilOUV;        UUti      fUlXCH     VjlW      11W W      UMlOt.liIO     XAiV«A»Ob# 

Any interactions which do occur between the two half-wave meshes, either 
through load, or through control circuit, or even through the input transformer, 
are considered secondary effects, and calculated as correction terms. The sans 
approach can be made here^ and it follows at once that the individual reactor 

! currents and flaxes retain the wave shape they have in the half-wave control 
i circuit (ana, indeed, in the conventional half-wave circuit), but that the load 

current is now, as it werev a mirror image of the wave shape observed in the 
doublar circuit. The wave is sketched in Fig. MRI-13369-d. 

i 

i 
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In this case also, the  theory was  subjected to experimental check. 
Jigs. HRI-1337*- and MRI-13371 show selected r3actor-current and load-voltage 
wave shapes for the half-wave and full-wave control circuits respectively, 
and Fig. MHE-13372 shown a gain curve for the full-wave type of operation* 
These data represent a good qualitative verification of the above theory. 

Other Circuit Arranf;agents 

After the expenditure of considerable effort, it was decided to 
abandon the so far fruitless attempts to derive mathematical analyses for the 
remaining two, possibly useful,  circuits of Figs. MKE-13365-d and e.    Experi- 
mental results were; however, obtained.    They are summarised in Figs. MRI- 
13373 and MHI-1337U> which are largely self-explanatory. 

V.      The Complete Audio-Amplifier 

The author believes that, on the basis of the data compiled in this 
report, he could,  at the present time of writing,  do adequate preliminary 
"paper designs" for two types of magnetic audio-amplifiers,  and farther, that, 
given the necessary equipment, he could carry the design through the labora- 
tory phase to the point where these amplifiers might have some practical value. 
The following paragraphs are intended to sketch the approach that would be 
employed. 

First of all,  amplifiers using the conventional circuitry,  and 
therefore constant-voltage carrier sources,  could be built for applications 
where the requirements for high output powers far overshadow any considera- 
tions of fidelity of signal reproduction, or where the signal to be repro- 
duced has all its important components at the lower end of the audio-range. 
An Alexander»on high-frequency alternator would be specified.    The use of this 
relatively low--imp3dsr.es source t>ould penult U»o operation of several channels 
of amplification, with the amplifiers of course in parallel.    Because of the 
lew carrier frequency,  a sensitive alloy, strip-wound core would be selected. 
The tape thickness would, in view of the data indicated on p. 28, have to be 
determined through an experimental check for best performance.    The new General 
Klectric germanium-Junction power rectifier vovld be specified because of its 
low forward resistance, good rectification efficiency up to about $0 KC,  and 
relatively high power rating.    No attempt would be made to design tuning 
capacitors, but they would be included if, on the basis of experimental evi- 
dence, it could be shown that they improved the performance. 

Putting aside all questions of patent rights or arrangements, the 
full-wave circuit would be most advantageous because of the following con- 
siderations t 
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Magnetic audio-amplification requires two distinct steps of which 
the magnetic amplifier supplies only ons, namely, the modulation of the 
carrier wave with the signal wave. The recovery of an enlarged replica of 
the signal can be accomplished only by subsequent demodulation of the magnetic 
amplifier output. In the roll-ware circuit, the rectifiers will then perform 
two distinct functions simultaneously:  (1) Thsy supply self-saturation to the 
amplifier, and (2) they will carry out the rectification portion of the de- 
modulation proceaa, All that need then be done to obtain recovery of signal 
ware form is to shunt the load with a capacitor of appropriate size so as to 
read the peak values of the magnetic amplifier output wave across the load. 
The advantages gained by eliminating the need for an extra demodulator are ob- 
vious. 

Incidentally, they system of course -will yield a faithful reproduc- 
tion of the signal only if the peaks of the load voltage wave are proportional 
to the signal. It can be seen from the ^i^lysis of the half-wave circuit 
(Chapter II) that this condition will be met only if the firing angle is re- 
stricted to the rar.ge between 90° and l80° for one of the meshes (and 270° to 
360° for the other). If the firing angle advances to values less than 90°, 
the average value of rms value of the load current continues to increase, but 
the peak value remains fixed. It follows that the range of operation of an 
audio-amplifier intended to reproduce the input signal under the demodulation 
conditions described above is limited to the lower half of the transfer curve 
as computed or measured on the basis of rms or average values. If the upper 
limit of that range is exceeded, the output wave form will have flattened 
crests, furthermore, "the signal input must contain a d-c component in order 
that satisfactory recovery of the signal from the demodulator may be made""? 
This d-c component can be supplied either from the signal source itself, or by 
a separate bias winding. The need for this d-c level arises because the trans- 
fer curve of normal self-saturating circuits without feedback has its useful 
control range shifted to the left of the zero-control-current axis. Sines 
only the lower half of the transfer curve is useful for the type of application 
here considered, it is necessary that the quiescent or zero-signal operating 
point be located about Oiie-f OUrtii of the way up the transfer curve from the 
minimum point. This requires the presence of bias. 

To the left of the minimum point; the transfer curve indicates that 
negative control currents larger than that required to produce minimum output 
result in renewed increases in output. For this reason the range of operation 
for undistorted output is restricted between the lower limit of the minimum 
load current point and the upper limit of the midpoint of the curve. If the 
peaks of ths signal current exceed these limits, distortion in the output will 
result. Distortion can also evidently be introduced by a change in bias from 
the optimum value. The final experimental amplifier (as described below) aua 
intentionally overdriven to test these conclusions. Oscillograras of the re- 
suiting output wave forms are shown in Figs. MKI-13382-i, j, k, and the flat- 
tening of the peaks and distortion due to passing the minimum current point 
are clearly discernible. 
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It may be that "Plasj&atron" continuous-control gas tubes,  rfhen they 
become  co mere! ally available,  will make possible the construction of lew- 
impedance, high-frequency oscillators that can be effectively substituted for 
the Alexanderson machine suggested for this design.    They Lave a good high- 
frequency response (See appendix III)  and may make possible the amplification 
of signals at frequencies up to several hundreds of kilocycles.    At the pre- 
sent  time,,  however,  only experimental models are obtainable. 

The second kind of amplifier that could probably be successfully de- 
signed and constructed is based on the use of the  full-wave control circuit 
of the shunt-fed reactor type in conjunction with a constant-current (most 
likely a pentode  amplifier)  source.    It would be,  in  contrast to the design 
just considered,  roost useful for the amplification  of relatively high-frequeney 
signals with low output-power levels.    Ferrite cores  and germanium point-eou- 
tact rectifiers would be specified.    Since the source current, not the voltage, 
is constant; multi-channel operation would be accomplished by putting the 
separate amplifier circuits in series,  and not in parallel, with each other. 
The circuit  suggested for this design acts like the doubler circuit, as we have 
seen,  in that its output wave is symmetrical about the zero-axis.    Rectifiers 
other than those used for self-saturation would therefore have to be used for 
the demodulator,    When It is remembered that the transfer curves of the shunt- 
fed reactor circuits have maximum points instead of minimum points and are in 
general "upside down" as compared to those of the conventional circuits,  the 
restrictions on the range of operation given above may readily be translated 
into a form applicable to this circuit. 

The design of the final experimental amplifier used by the author 
did not follow either of the two approaches outlined above, except that the 
full-wave circuit was used.    Otherwise, the construction runs counter to most 
of the good design practices outlined in this report.    The carrier source was 
the high-impedance Williamson audio-amplifier whose characteristics were de- 
scribed in Chapter III.    The parallel combination of six point-contact ger- 
manium diodas used ^n each of the meshes had a forward resistance of about 30 
onmsj  while the load was only IOC ohms.    (This value of load resistance was 
found, by trial and error, to give ths maximum undistorted load power.)    A 
simple tuned circuit was inserted in the signal mash and served to reduce their 
flow of induced currents at the second and higher even harmonics of the carrier 
frequency, but did nub eoujplotely eliminate the distortion of the signal cur- 
rent wave shape caused by these currents.    A noticeable, though immeasurably 
small,  current at signal frequency was induced into the load mash. 

The author may be accused of "not having practiced what ha preaches". 
In «r!8w*»r he can only say that the serious deficiencies of  ths  circuit did not 
become apparent until after the completion of the tests;  that some of the 
principles which were violated were not fully understood until the final draft 
for this report was written and the inter-relations between the many facets of 
the problem could be studied at leisure; .and finally,  that,  in any case,,  the 
construction of a satisfactory test circuit would involve an expenditure of 
tim6,  affort, and money, which cannot be justified on any theoretical or prac- 
tical basis known to the author. 
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Although the data taken vith this amplifier circuit evidently are 
not even remotely indicative of the best performance which it should be 
possible to realise with well-constructed magnetic audio-aaplifisrs,, they are 
still useful in some ways as qualitative verification* of  the theory devwloped 
in this report.    In this light*  some of the significant test results are pre- 
sented in th8 next chapter. 

The compiete circuit diagram of the final experimental laagnstic 
amplifier is given in Fig.  MRI-13375 which also includes a sketch of the cores 
used in that circuit. 

71.    Additional Experimental Data Results and Conclusions 

Additional Data 

The following experimental data are prese-ted here as supplementary, 
rather than as principal,  evidence i n support of Lhs conclusions reached in 
this report.    Thoy will be given in the order in which the subject matter to 
which they refer appears within the roal?i body of the report. 

(1) Frequency Dependence of the Gain of the Half-Wave Circuit 

In Chcptsr II,  p.  16,  it was stated that the theoretically derived 
expression for the ampere-turns gain of the half-wave circuit indicates that 
the gain should increase linearly with the excitation frequency,  but that in 
ths practical case,  the rise is somewhat slower over a certain range.    The 
gsin than reaches a maximum value,  and finally again decreases.    Sine* the d-c 
gain of a given amplifier is the upper limit of the gain possible at any signal 
frequency, it was considered of interest to determine at what excitation fre« 
quency the maximum gain would be realised with the system under consideration. 
Fig. MSI-13376 shc--5 transfer curves tiksn at various frequencies under other- 
wise identical conditions,  and also shows a gain -versus-frequency curve.    It 
must bs noted that the curves shown may not be true indications of the per- 
formance of the magnetic amplifier alone, tut may ha^e reflected in them the 
effect of the power-supply impedance, which increases somewhat with increasing 
frequency. 

(2) The Effect of Internal Power-Supply Impedar.rts Upon Flux, Voltage, 
and Current Wave Forma 

The graphical construction shown in Fig. MRI-13355, and discussed on 
p, ?2 indicates that, when a power supply with appreciable internal impedance 
is used to excite a saturable reactor, the flux and current wave shapes are 
little different from those obtained with zero internal impedance, but that 
the voltage appearing across the reactor is heavily distorted,.    Fig. MRI-13377 
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shows oBciiiogramn of flux,  current,  and reactor voltage wares which are in 
general agreenent with thoae derived Iron the graphical construction, and 
also includes reactor voltage waves; for various values of reactor current. 
It will be seen that the distortion in the voltage wave can become exceedingly 
severec    At the sane tlas, the flux wave, being the integral of the voltage 
wave,  is much mote nearly sinusoidal, for^   in the process of integration,  the 

-amplitude of each harmonic is reduced in proportion to its order. 

(3)    The Use of Tuning Capacitors to Improve Amplifier Gain 

In Chapters II  and III it was mentioned that proper use of capaci- 
tors in magnetic  amplifier circuits could result in improvement of performance. 
Tests were v?*do  on a two-core series-connected snturable reactor where a 
variable condenser w»o ahur>ted across both the cores  simultaneously,  and on a 
half-wave circuit.    Transfer curves were measured with d-c signal.    The curve- 
sheet of lig. MK-I3378 shows that the gain of the saturable reactor may be 
almost doubled without appreciable decrease in the useful range of operation. 
The minimum current also remains almost constant for the range of capacitance 
included in the test.    The minimum point on each of the curves apparently re- 
presents the condition of approximate parallel resonance between reactor and 
condenser.   It will bo noted that the presence of sufficiently large values of 
capacitance introduces additional stationary points into the transfer curve, 
and that, in general, a bias winding will be needed to shift the zero control 
current axis into the useful range «»f operation. 

For the half-wave circuit,  the relatively small gain realised under 
high-frequency,  high-source-impedance operation can be increased markedly through 
capacitive tuning,  as is illustrated by the curves of Fig. MRI-13379.    In- 
stability, or snap-action can also be initiated by the use of sufficiently 
large values of capacitance,  aa shown by the curve of Fig. MSI-13380. 

(U)    Frequency Response of the Test Amplifier 

The relation of amplifier gain to signal frequency was studied in 
order to supplement  the discussion given at  the beginning of Chapter III.    The 
final test amplifier model was used.    Tests showed that the highest signal 
frequency that would yield 20% or more of the masimum a-c current output was 
about 15 KC.    Gaiv. curves taken at various signal frequencies are shown in 
Pic  MHT«lll8l.   and   OSCilloarazs"  n'r +h*  QUtniit www* vi t.h -various  slernal   fre- 
quencies and constant signal input are shown in Fig. MRI-13382.    An analysis 
of these data on the basis of the figures given by Harder and Horton shows 
that the time constant of the amplifier was about six cycles of the carrier 
frequency, or about 0.06 millisecond. 
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(5)    The Magnetic Characteristics of the Ferrlte ksactor Core 

The locus of the andpoints of the family of hysteresis loops shown 
in Fig. JfflI-13360-a is plotted in Fig. MEI-13363^    This curve is coneequ-utly 
the mean magnetisation vsr** as measured at 106 KC.    The largest of the loops 
is  also included. 

Results and Conclusions 

See Fig. MRI-13383.    The important results of the present investiga- 
tion are here summarisedt 

(1) The operation of the power-frequency magnetic amplifier is 
readily analysed by certain approximate methods of treating the nonlinear 
differential equations which describe the behavior.    Secondary properties of 
core materials, rectifiers and supply sources cause discrepancies between the 
results of the approximate analyses and those of experiment. 

(2) These discrepancies become particularly pronounced in the cms? 
of the audio-frequency amplifier nnd can beco»B principal, rather than secondary 
factors in determining the psrformanew.    In particular, the high frequency sup- 
plies now commonly available have fairly high internal impedance and the rec- 
tifiers usable at high frequencies have high forward resistance.    Both jjroper- 
ties are detrimental to good amplifier performance.    The most useful type of 
cores have relatively unsatisfactory Magnetic characteristics which adrsrssly 
affect the performance and make mathematical analysis unmanageable.    For ex- 
ample,  the permeabili ty of these most useful ferrlte materials is low,  the 
saturation characteristics are far from ideal,   and the temperature dependence 
of magnetic properties can give rise to heating transients which cause changes 
in output Independently of the input circuit.    The high coercive force of most 
far-rites makes it unrealistic to base the analysis of performance on the mean 
magnetization curve and necessitates the use of the complete hysteresis loop. 
For a-c signal,  the instantaneous operating point follows not the aymmaIxic«l 
loop, but a multiplicity of minor loops} and an accurate analysis would re- 
quire a knowledge of magnetic data descriptive of these minor loops.    The ac- 
cumulation of such data cannot be accomplished with sufficient accuracy with 
the experimental apparatus now commercially available. 

(3) The conventional amplifier circuits cannot operate well from 
high-impedance supplies and cannot operate at all from constant-current 
sources.    It is, however, possible to design aapllfier circuits well adapted 
to operation from constant-current supplies. 

(u)    It ia possible, by careful choice of &aplifi«r components,  to 
build practically useful audi o-frequency amplifiers from certain types of 
applications.    These amplifiers will accurately reproduce a sinusoidal signal 
within a limited rang* of sign.il input,  and will yield a distorted output of 
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the amplitude if the signal exceeds this rsjige.    The frequency response is 
best at d-c and fulls off monotonically for untuned circuits.    The maximum 
signal frequency for useful application is about one-tenth of the carrier 
frequency. 

Hecommendationa 

(1)    If it ia iniendea to csni.inua and srjsrge the  ."^u»l»>,iudl phase 
of tue present investigation,  the first step should be the accumulation of 
magnetic data descriptive of core behavior under application of a-c to both 
carrier and signal windings.    These data should be measured as precisely as 
possible, and, carefully studied with a view toward developing realistic ap- 
proximations which would allow solution of the nonlinear systsrr. equations* 

i 

(2'  If practical applications are planned, a concerted effert 
should be made to assemble the best available supply sources, rectifiers, and 
core materials for the experimental apparatus. Above all, the source used 
should be (depending upon the choice of circuitry) either a constant-?cltage 
as a cuu&tani-current supply. Operation of magnetic amplifiers £rom supplies 
with fairly, but not very, high internal impedance appears to te only of 
academic interest, but of no practical importance. 
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APPENDIX I 

Signal-To-Carrier Frequency Synchroniser 

Early in the course of the experimental work, it was decided that it 
would be desirable to obtain osciliographic presentations of the complex 
hysteresis loops that arise under conditions of a-c signal. Clear loops are 
evidently obtained under such conditions only if the carrier frequency is an 
integral multiple of the signal frequency: otherwise, the entire inside area 
of the loop, as seen on the 'scope, will be covered with a sr.car of nonrepeti- 
tive patterns. Synchronization was accomplished oy injecting pulses at the 
desired carrier frequency into the grid of the first stage of the Wien Bridge 
oscillator at the point where the grid is connected into the bridge circuit. 
(For a discussion of Wien Bridge oscillators, see Waveforms. Vol. 17, MIT 
Radiation Series.) The oscillator itself was free-running and preset to run 
at very nearly carrier frequency without synchronization, so that the syn- 
chronizing pulses primarily served to prevent drift between signal (Hewlett- 
Packard) and carrier (Wien Eridge) oscillators. 

The pulses were provided by the synchronizing circuit proper.  The 
following process was used to shape these pulses: The signal-frequency sine 
wave was half-wave rectified, and the resulting pulses amplified and clipped 
to yield a fair approximation to a square wave which was then differentiated 
and a^ain rectified to °ive tri^^er pul5,?s at- the sign"! freoT"*ncv. Theoe were 
then injected into one of the grids of a free-running multivibrator set to 
operate at the carrier frequency. The square-wave multivibrator output was 
then treated in the same manner as the square wave obtained by amplification 
and clipping from the input signal. 

The circuit diagram of the entire synchronizer is shown in the Fig. 
MRT-13528.  Undoubtedly more effective and perhaps simpler ways could have 
been found to accomplish the same end, but the circuit as shown represents at 
least a workable solution. 

i 

i 
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APPENDIX II 

Sample Calculation of 3aturabie Reactor Core and Winding Diagssiana 

Let it be assumed that a supply delivering 50 7 rms at 10Q SC is 
to be used -with a load resistance of ICO SI;  that the unnaturated react unco 
of the reactor shall be 6 tiaes the load resistance; that tha supply voltage 
shall be sufficient to cause flux swings in the core equal In amplitude to 
75$ of the saturation flux; that the unsaturated permeability of the core Is 
500s and that its saturation flux density is 5C00 gauss. (Representative 
rigures for ferrite cores.) 

The useful formulas are* 

aAN2 
L appro*  -  *=  nenrys 

and 

We have 

and 

E^    -    h.kh f NAB 10°8 volts 

« L apprcx   -    cPr$—   -    600C 

50    -    U.Uii f HAB 10"5 

The unknowns are A, 1 mean, and N, and only two equations are available. The 
solution is also influenced, of course,, by the resulting window siae and 
necessary wire sise, and, therefore, by the signal winding. Only the load 
winding wire size can be found from the given information. 

Let us rewrite the equations in the form: 
2 

N    A (sq. meters) 600 

r•.»T, (•»*«"•) mean f *o -rel 

NA 
)• hli f B t . webers ^ 

or, in the indicated KKS dimensions* 

I «2 ITJL      m 600  
rmcan 105 ilinx 10~7 x 500 

-    0.096 x 102    -    9.6 
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and, 
50 

U.UL x icP x 0.3 x Oc75 

Let us pick a cross-sectional core area of 0.05 sq.  cm - 5 x 10      sq. metar 

Then 

and 

r 

N      -    5° * 10 g    -    100 turns 
$ x 1C=6 

mean 
1002 x $ x 10~^ 

9.6^ 

-    0.p2 cia^C.2 inches 

The calculation shows that under representative conditions of high- 
frequency application,  cores of extremely small cross-sections and mean dia- 
meters are required for proper design.    The dimensions arrived at are near 
the lover limit for practical fsrrito cores, while the giver, exciter fre- 
quency is not even enough to permit amplification of signals throughout the 
audio-range. 
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APPENDIX III 

The Plasraatron,  a Continuously Controllable Gas Tube 

The "Plasmatron", a gas tube allowing continuous control of anode 
current (as previous gas tubes do not) was recently announced by RCA and a 
theoretical,  as well as experimental study of this device was published .lust 
prior to the time of writing this report.    (Proc. I.R.E., ?ol.  UO, Ho. 6, 
(Juno 1952) pp.  6U5-659.)    Some of the statements made by the authors (Johnson 
and Webster) are here reproducedt 

"...  it is entirely possible and practicable to have both low-imped- 
ance operation and continuous control in one tube.    The plasmatron is such a 
tubsb    iw can uo-L-iVdr,  «U1VA convj-ituvwCfiy conLroX9  .*.—rgs wurr32iw3 Sv OTICMJ P-JI.-^TI— 

tials of a few volts.    This tube, now in ths developmental  stage, shows ex- 
cellent promise of fulfilling the long-standing need for a tube that will con- 
tinuously control large currents at low voltage?.    In this category «re found 
such applications as motor control,  direct loud speaker drive,  inverters,  and 
the like. 

The principle of operation of the plasm.itron lies in the use of a 
plasma as a conductor between a hot cathode and an anode.    This plasma,  however, 
is generated by en auxiliary discharge (which operates independently of the 
work circuit)  and not by the anode  current as is the case with a thyratron." 

Particular significance  should be attached to the last statement, 
for it leads to ths plausibility argument that it may be possible to build 
continuous control tubes comparable in size and otherwise similar to present- 
day ignitrons,    A device having a steel case and devoid of a filamentary 
cathode would easily have sufficient ruggedness to be used along a magnetic 
amplifier in most applixatjons- 

The plasmatron may be used either as a diode or as a triode; but 
the diode frequency-response is poor and shows a strong drop-off at slightly 
over 10 KC.    In triode operation,   the frequency-response  is flat tv fceyond 
100 KC,  butx 

"A tube could operate as a Class C oscillator at frequencies as high 
as 17 mc.» 

The control characteristic for diode operation is quite linear, that 
for triode operation nearly hyperbolic,  as shown in Fig. MRI-13529.    When used 
as an amplifier,  the output may, therefore, be nonsinusoidal for sine wave 
input, but this minor disadvantage may readily be accepted in view of the other 

j great advantages the tube offers. 

Ths power gain for both diods snd triode operation is about 17 db, 
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LIST OF SIMB0L3 

3yabcl Description 

A area 

B magnetic flux density 

E d-c control voltage 
c 

S, . voltage induced by sinusoidally varying flux in « con- 
centrated winding 

e„ rectifier voltage drop in forward direction 

e roltage difference across rectifier 

f frequency in cycles per second 

H magnetic field intensity 

I time average of instantaneous current i 

I maximum value of sinusoidal current wave 
m 

i instantaneous value of current 

"s 

i_ instantaneous current in a resistance 

L inductance 

1 mean length of magnetic path in core 

a constant of proportionality 

N number of turns in a winding 

Q qualify factor of e storage element 

R resistance 

R» rectiTier forward resistance 

T time constant in cycles of supply frequency 

t time in seconds 

V mudntiim value of a sinusoidal voltage wars 

v instantaneous volttge 

|A. permeability 
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LIST OF 8IKS0L3 (cont.) 

Syabol Description 

$ resistivity 
* totil flux instantaneously linking a winding 

* saturation flux 
8 

* Maximum flux 
B 

o) radian frequency - 2nf 

Motet Subscript "c" denotes control mesh quantities, subscript nl" denotes 
load aesh quantities, subscript "x" rectifier quantities, and sub- 
script "s" saturable reactor quantities. 
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